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Hidrogéis são redes tridimensionais que podem ser obtidas a partir de interações eletrostáticas 
associativas entre misturas de polissacarídeos e proteínas. A estabilidade pode ser melhorada 
por meio de uma deposição de filmes poliméricos/polieletrólitos ao redor dos hidrogéis, além 
da adição de “fillers”. Neste trabalho foram desenvolvidos microgéis biopoliméricos para 
veicular antocianina e colágeno hidrolisado (CH), considerando as propriedades estruturantes 
destes peptídeos bioativos. Primeiramente, as partículas foram produzidas por gotejamento 
para otimizar as concentrações de colágeno hidrolisado, goma gelana e amido. Além disso, 
avaliou-se a adição de uma camada externa de gelana. Posteriormente, os géis foram 
produzidos em microescala usando o processo de atomização para estudar sua aplicação em 
uma matriz alimentícia e o comportamento frente às condições gastrointestinais simuladas. 
Verificou-se que em pH 2,5, houve a melhor condição para interações eletrostáticas entre 
gelana e colágeno hidrolisado. Alta eficiência de encapsulação de antocianina (EE) e adsorção 
de CH foram notados. No entanto, observou-se uma diminuição na adsorção de peptidos após 
o revestimento com gelana, sendo este efeito mais pronunciado para micropartículas. Esta 
perda de peptídeos foi evidenciada por microscopia confocal e por microscopia eletrônica de 
varredura (MEV). As micropartículas revestidas com gelana mostraram uma estrutura lisa, 
compacta e escamosa, enquanto as demais exibiram uma rede enrugada. Além disso, foram 
observadas rachaduras nas superfícies de microgéis recobertos adicionados com amido. Este 
fato poderia explicar o aumento na viscosidade relativa das suspensões de microgéis para 
essas partículas, que são mais propensas a absorver a água dentro de suas estruturas. O amido 
também influenciou a formação da rede biopolimérica. Imagens de MEV sugeriram que o 
amido promoveu a formação de estruturas mais porosas e com poros maiores, criando uma 
estrutura menos coesa e menos densa, com menor resistência à compressão. Com relação à 
simulação gastrointestinal, foi demonstrado que todas as formulações de microgéis 
apresentaram bastante estabilidade frente às condições oral e gástrica. Embora o colágeno 
hidrolisado tenha sido submetido à ação da enzima pepsina, não foi observada desintegração 
das micropartículas antes da fase entérica. Os resultados forneceram informações importantes 
sobre as interações entre misturas de proteína-polissacarídeo. Ao entender a composição das 
estruturas na formação de partículas e as propriedades associadas como mostrado neste 
estudo, torna-se possível modular os sistemas de entrega controlada e seu desempenho, 














Hydrogels are three-dimensional network that can be obtained from associative electrostatic 
interactions between polysaccharides and proteins mixtures. Its stability can be improved by a 
deposition of polymeric/polyelectrolyte films around the hydrogels, besides fillers addition. In 
this work, biopolymer hydrogels were developed to vehiculate anthocyanin and hydrolyzed 
collagen (HC), considering the structuring properties of this bioactive peptide. Firstly, 
particles were produced by dripping to optimize hydrolyzed collagen, gellan gum and starch 
concentrations. Moreover, the addition of an outer gellan layer was evaluated. Then, the gels 
were produced in microscale using atomization process in order to study its application in a 
food matrix and the behavior against simulated gastrointestinal conditions. It was found that 
pH 2.5 was the best condition for electrostatic interaction between gellan and hydrolyzed 
collagen. High encapsulation efficiency of anthocyanin (EE) and adsorption of HC were 
noted. However, a decrease in the adsorption of the peptide after gellan coating was observed, 
with this effect more pronounced for microparticles. This loss of peptides was evidenced by 
confocal microscopy and by scanning electron microscopy (SEM). Microparticles coated with 
gellan showed a smooth, compact, squamous structure, while the others exhibited a wrinkled 
network. In addition, cracks were observed on the surfaces of coated microgels added with 
starch. This fact was associated to the increase of the relative viscosity of the microgel 
suspensions of these particles, which are more likely to absorb water within their structures. 
Starch also influenced the biopolymeric network formation. SEM images suggested that the 
starch promoted a formation of more porous structure with larger pores, creating a less 
cohesive and less dense structure, with lower resistance to compression. Regarding the 
gastrointestinal simulation, it was demonstrated that all the microgels formulations presented 
stability to the oral and gastric conditions. Although the hydrolyzed collagen was subjected to 
the pepsin action, no disintegration of the microparticles was observed before the enteric 
phase. The results provided important information about interactions between protein-
polysaccharide blends. By understanding the composition of the structures on particles 
formation and the associated properties as shown in this study, it becomes possible to 
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ORGANIZAÇÃO DA DISSERTAÇÃO 
 
A dissertação foi organizada em 7 capítulos, tal como descrito a seguir. O 
Capítulo 1 corresponde à introdução geral e objetivos, no qual foram expostos uma breve 
introdução sobre o assunto a ser tratado e os objetivos gerais e específicos a serem atingidos. 
No Capítulo 2 é encontrada uma revisão bibliográfica sobre as características dos compostos 
utilizados para o desenvolvimento das partículas, além dos mecanismos de formação dos 
microgéis. Foram ainda ressaltadas as vantagens da utilização de recobrimento e fatores que 
influenciam sua execução. Por fim, uma breve revisão sobre a digestão humana e simulação 
em condições in vitro foi descrita para compreensão de como ocorre a absorção dos alimentos 
assim que ingeridos, e como são mimetizadas estas condições para testes in vitro. Já o 
Capítulo 3, entitulado “Gellan gum particles to vehiculate anthocyanin and hydrolyzed 
collagen: effect of starch addition and coating layer” abordou resultados referentes ao 
desenvolvimento de hidrogéis feitos a partir de gelana e colágeno hidrolisado e como a adição 
de amido e de cobertura de gelana influenciam na macro e microestrutura das partículas 
formadas. Este capítulo foi submetido à publicação para a revista “Carbohydrate Polymers”. 
Ainda, o Capítulo 4, entitulado por “Digestibility and rheological behavior of biopolymeric 
coated microgels” descreve a aplicação prática dos hidrogéis desenvolvidos. Após otimizadas 
as condições, as melhores formulações foram produzidas em tamanho microscópico para 
aplicação em alimentos. O efeito da adição dos microgéis em uma matriz alimentar e a 
estabilidade frente à simulação estática gastrointestinal são também relatados. Este capítulo 
será submetido à publicação para a revista “Food Hydrocolloids”. Finalmente, os capítulos 5, 
6 e 7 correspondem, respectivamente, a discussão geral, conclusão geral e perspectivas futuras 

























- CAPÍTULO 1 – 


















1. INTRODUÇÃO GERAL 
 
A encapsulação, na área de alimentos, pode ser definida como o processo no qual 
compostos bioativos, a exemplo de vitaminas, antioxidantes, peptídeos, dentre outros, são 
retidos no interior de uma matriz composta geralmente por substâncias GRAS (Geralmente 
Reconhecido como Seguro), sendo esta capaz de formar uma barreira em relação ao ambiente 
e proteger o material contido no seu interior (GIBBS et al., 1999). É desejável que a liberação 
dos compostos ocorra somente no lugar e condição desejada, sendo iniciada apenas após 
receber algum estímulo específico, como alteração no pH, na temperatura ou força mecânica, 
por exemplo (NEDOVIC et al., 2011).  
Para viabilizar este tipo de sistema, diversas estruturas para veiculação de 
compostos bioativos têm sido desenvolvidas por meio de diferentes metodologias de 
encapsulação, como micelas, vesículas lipossômicas, ciclodextrinas, microemulsões e 
microgéis (NEDOVIC et al., 2011; OKURO et al., 2015). Elas são extremamente importantes 
para garantir que o composto de interesse resista às condições de processo e que, no trato 
gastro-intestinal, consiga chegar até o sistema entérico, geralmente o local onde o bioativo 
deve ser absorvido. 
Os microgéis podem ser definidos como géis formados a partir da interligação de 
polímeros em uma rede tridimensional em escala micrométrica, com tamanho inferior a 
1000  µm (CHING, BANSAL & BHANDARI, 2015) e cuja gelificação pode ser alcançada 
por meio de sais, ácidos, aquecimento ou interações eletrostáticas. Esta última técnica, ainda 
pouco explorada na literatura (LANEUVILLE et al., 2006; ZHANG & VARDHANABHUTI, 
2014), exige que ambos os biopolímeros estejam carregados com cargas opostas, condição 
alcançada, geralmente para sistemas do tipo proteína-polissacarídeo, em valores de pH entre o 
pI das proteínas e o pKa dos polissacarídeos (LE, RIOUX & TURGEON, 2017). Com base na 
natureza eletrostática desta estrutura, muitos fatores podem influenciar a formação de gel, tais 
como: relação proteína-polissacarídeo; características estruturais dos biopolímeros, pH final; 
força iônica; densidade de carga e afinidade de ligação (TURGEON et al., 2003; YE, 2008). 
A fabricação de microgéis no ramo alimentício é um pouco mais restrita que no 
domínio farmacêutico, visto que compostos naturais, que geralmente apresentam menor 
flexibilidade, devem ser utilizados ao invés dos sintéticos, cujas estruturas formadas são mais 






Várias aplicações podem ser encontradas para os microgéis em alimentos, tal 
como modificadores de textura (substituto de gorduras e espessantes) (STOKES, 2011); 
matriz encapsulante para proteção de compostos sensíveis e entrega controlada de bioativos 
(BUREY et al., 2008; SHEWAN & STOKES, 2013). 
Dentre os materiais de parede que podem ser utilizados na construção dos 
microgéis, podem-se citar polissacarídeos como a goma gelana e o amido, além de proteínas 
como o colágeno, que exibem características desejáveis como biodegradabilidade, baixa 
toxicidade e compatibilidade com diversas substâncias. O amido, por exemplo, geralmente 
usado como material de enchimento (“filler”) (CHAN et al., 2011; CÓRDOBA, DELADINO 
& MARTINO, 2013) ou prebiótico (ETCHEPARE et al., 2016), apresenta ainda como 
vantagens adicionais custos reduzidos e a mucoadesividade, que é de extrema importância 
para retenção e aumento da absorção dos compostos no intestino (CHING et al., 2015; 
FUJIWARA et al., 2013; MAITI, DHARA & NANDA, 2012). Embora o amido seja bastante 
estudado pela formação de misturas com substâncias como o alginato (CHAN et al., 2011; 
CORDOBA et al., 2013; FUJIWARA et al., 2013; MAITI et al., 2012) e pectina (Dafe et al., 
2017; Soares et al., 2013), pouco tem sido encontrado na literatura sobre a combinação entre 
amido-goma gelana (CARDOSO et al., 2017). Esta, devido à capacidade de gelificar com o 
resfriamento, na presença de ácidos ou sais (VILELA et al., 2015; YAMAMOTO & CUNHA, 
2007), além de formar complexos eletrostáticos com compostos de carga oposta (PICONE & 
CUNHA, 2013), apresenta uma variedade de aplicações como o uso para a estruturação de 
microgéis para liberação controlada de fármacos ou bioativos (ALHAIQUE et al., 1996; 
BABU et al., 2010; NARKAR, SHER & PAWAR, 2010; SINGH & KIM, 2005).  
Por outro lado, como exemplos de materiais bioativos a serem veiculados têm-se 
moléculas como a antocianina e o colágeno hidrolisado. A primeira, além de ser um 
pigmento, exibe características biológicas importantes como atividade anti-inflamatória e 
anti-carcinogênica, além de capacidade antioxidante que é conhecida por minimizar os 
estragos provocados por radicais livres ao longo do tempo, retardando o envelhecimento das 
células no organismo (CAVALCANTI, SANTOS & MEIRELES, 2011; CELLI, GHANEM 
& BROOKS, 2016). Já o colágeno hidrolisado apresenta forte apelo cosmético, graças à sua 
capacidade de aumentar a hidratação e a firmeza da pele, reduzindo a presença de rugas, além 
de ativar a proteção da epiderme contra a radiação ultravioleta (FERREIRA et al., 2012; 
SIBILLA et al., 2015). Devido à diversidade de aminoácidos na estrutura, podendo apresentar 





compostos carregados opostamente, formando complexos eletrostáticos e/ou atuando como 
agente estruturante. Entretanto, essa característica ainda não foi explorada para o 
desenvolvimento de partículas. 
Embora o desenvolvimento de microgéis tenha ganhado cada vez mais destaque 
no meio científico, pouco tem sido encontrado sobre a veiculação de mais de um composto 
bioativo carreado na mesma estrutura. Esta estratégia é interessante de ser explorada pois 
possibilita a redução no número de estruturas de veiculação necessárias para carrear os 
bioativos quando comparado à quantidade requerida para carrear apenas um por vez 
(ADITYA et al., 2015). 
Neste contexto, visto que poucos trabalhos na área de alimentos estudaram a 
produção de hidrogéis eletrostáticos entre polissacarídeos e proteínas, além da mistura entre 
goma gelana e amido para a produção de microgéis; este projeto visou desenvolver microgéis 
compostos por goma gelana e colágeno hidrolisado, com adição ou não de amido e/ou 




O objetivo geral deste trabalho foi desenvolver hidrogéis formados por 
complexação eletrostática recobertos para veiculação de antocianina e colágeno hidrolisado. 
Os objetivos específicos foram:  
 
 Produzir hidrogéis por meio de gotejamento seguido da complexação 
eletrostática entre goma gelana e colágeno hidrolisado e avaliar o efeito da 
concentração de ambos os polímeros. 
 Efetuar recobrimento de gelana na partícula por interação eletrostática e 
verificar as alterações estruturais causadas. 
 Avaliar o efeito da adição do amido nas partículas. 
 Avaliar a retenção de antocianina no interior das partículas.  
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2. REVISÃO BIBLIOGRÁFICA 
2.1. COMPOSTOS BIOATIVOS 
 
Compostos bioativos podem ser definidos como componentes essenciais ou não, 
presentes em pequenas quantidades nos alimentos, a exemplo de vitaminas, colágeno 
hidrolisado e polifenóis, e que possuem algum efeito benéfico na saúde dos seres humanos 
quando ingeridos, como a redução do risco em contrair doenças crônicas (BIESALSKI et al., 
2009). 
Embora estes ingredientes apresentem características desejáveis para os 
consumidores, eles exibem problemas do ponto de vista do processamento e armazenamento. 
Geralmente são instáveis e facilmente degradados dependendo das condições a que são 
submetidos, havendo perda da atividade biológica associada. Além disso, quando ingeridos, 
sofrem demasiada influência do organismo, uma vez que podem interagir com outras 
moléculas ao longo do trato gastrointestinal, podendo comprometer suas características de 
estabilidade, funcionalidade e biodisponibilidade (DIAS, FERREIRA & BARREIRO, 2015; 
OKURO et al., 2015). 
Dois compostos bioativos muito interessantes sob o ponto de vista alimentar são a 
antocianina e o colágeno hidrolisado. O primeiro composto, além de exibir atividade 
antioxidante (NOUR, STAMPAR, VEBERIC & JAKOPIC, 2013) e anti-inflamatória (SOGO 
et al., 2015), tem também demonstrado melhorias no tratamento de cânceres (HUI et al., 
2010. Já o segundo, tem sido bastante comercializado pelo efeito estético de redução do 
envelhecimento da pele (SIBILLA et al., 2015).  
2.1.1. COLÁGENO HIDROLISADO  
 
Uma proteína animal com atividade biológica quando na forma hidrolisada e que 
tem recebido grande atenção é o colágeno. Consiste num conjunto de 27 proteínas similares 
na forma nativa, presentes nos tecidos conectivos do corpo (tendões, ligamentos, ossos e 
cartilagens), e com cadeia tripeptídica de aminoácidos, sendo elas geralmente glicina-X-
prolina ou glicina-X-hidroxiprolina (FERREIRA et al., 2012).  
Uma vez que o colágeno nativo (geralmente extraído de boi, porco ou peixe) é 
insolúvel em água e apresenta um comprimento de cadeia bastante expressivo, costuma-se 





ou o colágeno hidrolisado (GOMEZ-GUILLEN et al., 2011) (Fig. 1). Este pode ser obtido da 
hidrólise enzimática da gelatina comercial, bem como a partir do tratamento do colágeno Tipo 
I (tipo de colágeno encontrado nos tecidos conectivos) (MOHAMMAD  et al. 2014). 
Geralmente, após as moléculas desnaturadas do colágeno nativo serem parcialmente 
hidrolisadas quimicamente em gelatina (100 kDa), sofrem uma segunda clivagem, realizada 
por meio de enzimas, objetivando-se produzir pequenos peptídeos (cadeias com 0,3-2,0 kDa), 
que são conhecidos como o colágeno hidrolisado. Esta é a forma comercial de consumo desta 
proteína no setor de cosméticos, que devido à cadeia peptídica ser relativamente menor, 
facilita a digestão, absorção e distribuição no corpo dos aminoácidos presentes na composição 











Apresenta como funcionalidade a diminuição e/ou manutenção de peso; bem 
como a redução do envelhecimento da pele (causado pela quebra da estrutura de colágeno na 
derme através de enzimas); a prevenção de úlcera gástrica e de perda óssea; além de 
minimizar danos nas articulações e apresentar efeito anti-hipertensivo (FERREIRA et al., 
2012). 
O efeito estético deste componente é explicado devido à capacidade que seus 
oligopeptídios apresentam em atuar como receptores nas membranas dos fibroblastos e, como 
consequência, estimularem a produção de colágeno, elastina e ácido hialurônico pelas células 
do organismo humano, melhorando a hidratação e elasticidade da pele. Além disso, os 
próprios aminoácidos presentes na cadeia do colágeno hidrolisado são potenciais fontes de 
matéria-prima para a formação das fibras de colágeno e elastina durante o metabolismo 






Figura 1: Obtenção do colágeno hidrolisado. 





Entretanto, para que o colágeno hidrolisado exiba as funcionalidades comentadas 
anteriormente, é preciso que suas moléculas atravessem a barreira intestinal depois de serem 
ingeridos e alcancem o sistema circulatório, responsável pela distribuição dos aminoácidos no 
organismo para participarem de reações metabólicas nos tecidos (DANEAULT et al., , 2017). 
A absorção na parede intestinal ocorre principalmente sob a forma de aminoácidos livres e di- 
e tri-peptídeos (SIBILLA et al., 2015; FENG & BETTI, 2017), entretanto, um estudo em ratos 
também demonstrou que o colágeno hidrolisado pode ser absorvido com alta massa 
molecular, acumulando-se principalmente no tecido cartilaginoso (OESSER et al, 1999).    
Embora seja conhecido pela boa solubilidade, capacidade emulsificante e 
atividade biológica (FENG & BETTI, 2017), o colágeno hidrolisado poderia ainda ser usado 
como agente estruturante na formação de hidrogéis. Isso se dá devido à presença de grupos 
amino e carboxil na estrutura do peptídeo capazes de interagir eletrostaticamente, formando 
complexos eletrostáticos com compostos de carga oposta quando misturados em meio aquoso 
(SARIKA & JAMES, 2016).  
2.1.2. ANTOCIANINA 
 
Outras substâncias bastante estudadas na área de bioativos são as antocianinas, 
conhecidas principalmente por serem pigmentos naturais, solúveis em água, com colorações 
distintas dependendo do pH (rosa, vermelha, roxa ou azul) e apresentarem considerável 
capacidade antioxidante (CASTANEDA-OVANDO et al., 2009; CAVALCANTI, SANTOS, 
& MEIRELES, 2011; KONG, et al., 2003). Pertencentes à classe dos compostos fenólicos e à 
sub-classe dos flavonóides, as antocianinas podem ser definidas como glicosídeos 
polimetoxilados ou polietoxilados, derivadas dos cátions 2-fenil benzopirilium ou flavílium, 
cujas duplas ligações conjugadas conferem a coloração típica destes pigmentos ao absorverem 
luz (CAVALCANTI et al., 2011; KONG et al., 2003) (Fig. 2). São produzidas pelos vegetais 
como resultado do metabolismo secundário e apresentam uma diversidade incrível na 
natureza (cerca de 400 estruturas), o que pode ser explicado pelas diferentes possibilidades de 
ligação dos grupamentos hidroxilas e diversos açúcares (como pentoses e hexoses), nas 
moléculas de antocianidinas ou agliconas; pela posição que se ligam, além da presença de 
alguns ácidos aromáticos conectados aos açúcares (KONG et al., 2003). Apresenta como 
efeitos biológicos atividade antioxidante (NOUR, STAMPAR, VEBERIC & JAKOPIC, 





2012), além de demonstrar melhorias no tratamento de doenças cardíacas (COLANTUNI et 





Contudo, as antocianinas apresentam algumas desvantagens do ponto de vista da 
estabilidade e conservação. São extremamente susceptíveis às condições do ambiente em que 
se encontram, sendo, portanto, influenciadas pela exposição à luz, oxigênio, metais, enzimas, 
temperatura e pH (RAKI et al. 2015). Este último fator deve receber especial atenção, visto 
que influencia completamente no equilíbrio das antocianinas (CAVALCANTI et al., 2011), 
afetando significativamente a atividade antioxidante (AA). Um aumento nos valores de pH 
próximo ao neutro resulta em maior capacidade antioxidante do bioativo, provavelmente 
devido a eficiência em eliminar radicais livres pelas formas chalcona, base quinoidal e a 
pseudo base, predominantemente encontradas em meios básicos (SUI, DONG, & ZHOU, 
2014). 
No que concerne à biodisponibilidade, tem-se valores extremamente baixos deste 
bioativo, o que pode ser explicado pela baixa absorção intestinal, altas taxas de metabolismo 
celular e excreção, além das inúmeras interações que podem ocorrer no organismo com 
proteínas e enzimas digestivas (FERNANDES et al., 2014; YOUSUF et al., 2016). Estudos 
prévios tem demonstrado que os efeitos benéficos promovidos pelas antocianinas estão 
principalmente associados à metabolização ocorrida no cólon, local onde as antocianinas são 
transformadas em açucares e compostos fenólicos pela população microbiana (FERNANDES 
et al., 2014; MCGHIE & WALTON, 2007). 
Uma forma de aumentar a estabilidade desses compostos antioxidantes é se 
utilizar da técnica de microencapsulação que, além de incorporar e proteger os compostos 
sensíveis do ambiente externo (CELLI et al., 2016), ainda permite o controle da liberação 
destes compostos. Para isso, diferentes técnicas são utilizadas para encapsulação comercial de 
Figura 2: Representação do cátion flavilium. Os radicais R1 e R2 podem ser H, OH ou OCH3;  R3 





antocianinas, tal como spray drying, spray cooling, lipossomas, coacervação, emulsificação e 
extrusão seguida da gelificação iônica (CAVALCANTI et al., 2011).  
2.2. SISTEMAS DE VEICULAÇÃO  
 
Sistemas para veiculação de compostos bioativos tem ganhado cada vez mais 
destaque no setor alimentício. Isso pode ser explicado graças à necessidade de se estabelecer 
uma barreira efetiva entre os compostos sensíveis e o ambiente, melhorando a estabilidade 
durante o processamento e/ou armazenamento do produto final (NEDOVIC et al., 2011). 
Como mecanismo de proteção tem-se a microencapsulação, que é uma técnica bastante 
consolidada na atualidade e que consegue oferecer uma boa preservação para os compostos 
bioativos, melhorando a estabilidade à luz, temperatura, pH, umidade e oxigênio, por exemplo 
(DIAS et al., 2015). 
É possível ainda, por meio destes sistemas, mascarar sabores e odores 
indesejáveis; imobilizar células e enzimas para processos fermentativos; além de aumentar a 
biodisponibilidade após ingestão, mantendo-se as propriedades funcionais e biológicas dos 
compostos até o sítio de ação desejado (DIAS et al., 2015; NEDOVIC et al., 2011). 
Diferentes estruturas encapsulantes são encontradas na literatura tal como, 
lipossomas, micelas e microemulsões, além de complexos eletrostáticos e microgéis 
(NEDOVIC et al., 2011; OKURO et al., 2015). Lipossomas, micelas e microemulsões são 
conhecidos por serem sistemas auto-organizados baseados em surfactantes e que são capazes 
de carrear ativos no interior das suas estruturas (OKURO et al., 2015). Os complexos 
eletrostáticos, por sua vez, são formados a partir de polímeros carregados com cargas opostas 
que se associam, produzindo estruturas com dimensões coloidais e não necessariamente 
gelificadas (PICONE et al., 2013). Por fim, os microgéis são formados pela atomização ou 
emulsificação de uma solução contendo ativo, seguida de gelificação em condições 
apropriadas (OKURO et al., 2015). Estes últimos apresentam vantagens como baixos custos, 




Géis, de um modo generalizado, podem ser vistos como sistemas coloidais, 





colóides e fase com o meio de dispersão líquido), cujas propriedades reológicas se encontram 
entre o comportamento de um líquido e de um sólido (NISHINARI, 2009). Geralmente 
formam redes poliméricas altamente porosas que apresentam a vantagem de veiculação e 
posterior liberação de drogas e/ou bioativos, sendo isso controlado pelo coeficiente de difusão 
dos compostos encapsulados no meio (HOARE & KOHANE, 2008) 
Para formação dessas estruturas em escala micrométrica, uma técnica bastante 
conhecida no meio científico é a extrusão com seringa/bico atomizador seguida da gelificação 
externa (BUREY et al., 2008). Fatores como o diâmetro da agulha/bico, taxa de bombeamento 
da solução e viscosidade podem afetar o tamanho das partículas, que pode ficar entre 500-
600 µm com o uso da seringa, ou da ordem de 100 µm com o uso de um bico atomizador 
(BUREY et al., 2008). Embora este método seja bastante simples, produzindo geralmente 
partículas uniformes, apresenta a limitação de usar apenas soluções biopoliméricas de baixa 
viscosidade para evitar problemas de bombeamento e entupimento do dispositivo que irá 
gotejar ou pulverizar a solução (BUREY et al., 2008; CHING et al., 2015). 
Em sistemas alimentícios, polissacarídeos e proteínas, que são os biopolímeros 
mais utilizados para formar a rede de gel, podem ser gelificados por meio de sais, ácidos, 
aquecimento ou interações elestrostáticas. A gelificação ocorrida com o auxílio de sais é a 
mais tradicional. Conhecida como gelificação ionotrópica, pode ser vista como a capacidade 
de polieletrólitos, bem como hidrocolóides, atingirem a reticulação por meio da interação 
eletrostática com íons de carga oposta, originando os hidrogéis, ou seja, géis preparados a 
partir de soluções aquosas contendo um polímero gelificante (BUREY et al., 2008; OKURO 
et al., 2015; PATIL, CHAVANKE, & WAGH, 2012). Exemplos destes sistemas são a gelana, 
a pectina de baixa metoxilação e o alginato, que gelificam na presença de cátions divalentes, 
como cálcio, sem necessitarem de outros processos adicionais como adição de solventes 
orgânicos (FUJIWARA et al., 2013). Já no caso da gelificação térmica, tem-se a necessidade 
de fornecer calor para que as cadeias dos biopolímeros percam a estrutura organizada original, 
e aproximem entre si para a criação das zonas de junção e formação da rede tridimensional 
(PERRECHIL, 2012; BUREY et al. 2008). Um exemplo disso ocorre na formação de géis de 
amido e de gelatina (ALCÁZAR-ALAY & MEIRELES, 2015; FONKWE, NARSIMHAN & 
CHA, 2003). Ainda, outra possibilidade de formação de géis seria pela utilização de 
interações eletrostáticas atrativas entre misturas de polímeros como polissacarídeos e 
proteínas para formar hidrogéis eletrostáticos (LANEUVILLE et al., 2006; ZHANG et al., 





condição alcançada geralmente em valores de pH entre o pI das proteínas e o pKa dos 
polissacarídeos (LE et al., 2017). Com base na natureza eletrostática desta estrutura, muitos 
fatores podem influenciar a formação de gel, tais como: relação proteína-polissacarídeo; 
características estruturais do biopolímero; pH final; força iônica; densidade de carga e 
afinidade de ligação (TURGEON et al., 2003; YE, 2008).  
A microestrutura dos géis pode ser modulada de diferentes maneiras como a 
adição de uma camada de recobrimento (NOGUEIRA, PRATA & GROSSO, 2017, TELLO 
et al., 2015; VILELA et al., 2015), mistura de polímeros (PERRECHIL, SATO E CUNHA, 
2011, SOARES et al., 2013) e o uso de material de enchimento como o amido (CHAN et al., 
2011; CÓRDOBA, DELADINO & MARTINO, 2013). Desta forma, as propriedades como 
comportamento reológico, digestibilidade, porosidade entre outras poderiam ser facilmente 
exploradas em diferentes aplicações (STOKES, 2011). 
2.2.1.1. RECOBRIMENTO ELETROSTÁTICO EM MICROGÉIS  
 
A deposição eletrostática para formação de camadas em microgéis pode ser vista 
como uma estratégia simples e relativamente nova na área, e que tem atraído atenção 
recentemente graças à utilização em sistemas de liberação controlada. A técnica visa reforçar 
a rede biopolimérica, aumentando a proteção e retenção dos compostos encapsulados, além de 
proporcionar melhora na estabilidade das partículas (AGUILAR et al., 2015; SOUZA et al., 
2012; VILELA et. al, 2015). 
Partículas recobertas são formadas graças às interações eletrostáticas 
essencialmente atrativas, que ocorrem entre polímeros carregados com cargas opostas, além 
de interações secundárias como interações de Van der Waals, hidrofóbicas e de hidrogênio 
(SARIKA & JAMES, 2016; WONG, DÍEZ-PASCUAL & RICHTERING, 2009). Exemplos 
de compostos utilizados para criar sistemas recobertos são a quitosana (VILELA et al., 2015; 
YANG et al., 2013) e proteínas como a ovoalbumina, α-lactoalbumina, β-lactoglobulina fora 
do ponto isoelétrico (NOGUEIRA, PRATA & GROSSO, 2017; TELLO et al., 2015). 
No caso da complexação entre proteínas e polissacarídeos, tem-se a influência de 
diversos fatores intrínsecos e extrínsecos, sendo eles os responsáveis pela formação de 
complexos estáveis ou não. São exemplos de fatores intrínsecos a distância entre os 
biopolímeros e a densidade de cargas; e de fatores extrínsecos o pH; a força iônica, a 





magnitude das cargas envolvidas durante a deposição, uma reversão da carga superficial pode 
ocorrer independentemente da natureza, tamanho e topologia da partícula (DECHER, 1997). 
Ainda, fatores como o tipo de polieletrólito e o número de camadas incorporadas são muito 
importantes para modular a transferência de massa através da parte externa (DÍEZ-PASCUAL 
& WONG, 2010; ZHANG et al., 2017). 
2.3. BIOPOLÍMEROS PARA VEICULAÇÃO DE COMPOSTOS 
 
Para veiculação de bioativos em alimentos, compostos naturais ao invés dos 
sintéticos devem ser utilizados. Sendo assim, a indústria de alimentos encontra maiores 
dificuldades no desenvolvimento de estruturas de veiculação quando comparado à indústria 
farmacêutica, visto que os biopolímeros são mais difíceis de serem modulados e apresentam 
restringidas aplicações (SHEWAN & STOKES, 2013). Exemplos de biopolímeros utilizados 
são a goma gelana e o amido. 
2.3.1. GELANA 
 
A goma gelana é um polissacarídeo não tóxico (ALHAIQUE et al., 1996), 
carregado negativamente e composto por unidades repetitivas de tetrasacarídeos constituídos 
de dois resíduos de β-D-glucose, um de β-D-glucuronato e outro de α-L- Rhamnose (Fig 3) 
(DAMODARAN, 2010). Apesar de ser proveniente do metabolismo do microorganismo 
Sphingomonas elodea, a forma comercial da goma gelana apresenta ausência dos grupos acil, 
removidos por meio de hidrólise alcalina (MORRIS, NISHINARI & RINAUDO, 2012).  
 
 
A gelificação pode ser mediada pela adição de ácidos ou sais (Figura 4) e ocorre 
pela formação de duplas hélices durante o resfriamento, com posterior agregação e formação 
de zonas de junção (VILELA et al., 2015). O mecanismo de gelificação na presença de ácidos 





e sais monovalentes consiste na diminuição da repulsão eletrostática entre as hélices com o 
consequente favorecimento da agregação; enquanto cátions divalentes ligam-se diretamente 
nos sítios ativos localizados entre as duas hélices da gelana (MORRIS et al., 2012). Ainda, 
complexos eletrostáticos também podem ser observados assim como reportado na formação 








Géis estáveis são produzidos em meios ácidos, entretanto observa-se um pequeno 
inchamento da rede polimérica em meios levemente básicos (BABU et al., 2010). Também, 
apresentam ausência de sensibilidade a algumas enzimas como a pectinase, amilase, celulase, 
papaína e lipase; enquanto é degradada pela galactomanase, enzima presente no cólon 
(YANG et al., 2013). Deste modo, o uso de da goma gelana para estruturar microgéis e atingir 
a liberação controlada de fármacos ou bioativos principalmente no cólon pode ser uma 
estratégia interessante (AlHAIQUE et al., 1996; BABU et al., 2010; NARKAR, SHER & 
PAWAR, 2010; SINGH & KIM, 2005; YANG et al., 2013). 
2.3.2. AMIDO  
 
O amido pode ser visto como um polímero natural extraído das células de reserva 
de diferentes fontes vegetais tal como batata, milho, mandioca e arroz (TAKO et al., 2014). 
Na sua forma nativa, é um polissacarídeo não-iônico, composto por cadeias de amilose a 
amilopectina. A primeira é descrita como um polímero linear formado por unidades de α-D-
glicopiranose, conectadas por meio de ligações α(1 → 4) e em menor proporção α(1 → 6) 
(0,1% à 2,2%), com grau de polimerização de 500 à 5000 unidades de glicose. A 
amilopectina, por sua vez, é um polímero ramificado com cerca de 4700 à 12800 resíduos de 
glicose, também formada por cadeias de α-D-glicopiranose, com ligações α(1 → 4), mas com 
grande  proporção de ligações α(1 → 6) (4% à 6%) necessárias para a formação das 
ramificações (Fig. 5) (DENARDIN & SILVA, 2009; DIN, XIONG & FEI, 2015). 
Figura 4: Mecanismo de gelificação da gelana com ajuda de cátions. 
















Apresenta como vantagens o baixo custo, a biodegradabilidade e não toxicidade, 
além de exibir mucoadesividade e facilidade em formar géis (FUJIWARA et al., 2013; 
MAITI et al., 2012). Esta última característica decorre do fato de apenas o fornecimento de 
água e calor serem necessários, já que deve ocorrer a hidratação, o desdobramento e a 
expansão das estruturas nativas, a fim de que as cadeias da amilose e amilopectina se 
reorganizem e formem a rede de gel tridimensional (BUREY et al., 2008).  
A etapa da gelatinização do amido pode ser descrita como um processo no qual 
ocorre a hidratação das cadeias de amilose e amilopectina contida nos grânulos, formando 
pontes de hidrogênio com a água, além da quebra da estrutura cristalina com auxílio do calor, 
ocorrendo o rompimento da associação intermolecular (ALCÁZAR-ALAY & MEIRELES, 
2015; TAKO et al., 2014).  
A retrogradação, por sua vez, ocorre quando a pasta de amido é resfriada e as 
cadeias de polímero se reassociam num estado ordenado, formando as zonas de junção para a 
estruturação do gel (DENARDIN & SILVA, 2009; TAKO et al., 2014). 
Devido à existência de diversas fontes de amido, com conteúdo variado de 
amilose e amilopectina, é possível encontrar vários tipos de géis, que se diferenciam pela cor, 
textura, poder de inchamento e solubilidade, além de apresentarem distintas temperaturas de 
gelatinização (DENARDIN & SILVA, 2009). O amido de batata, por exemplo, produz pastas 
mais claras que amido de trigo e arroz devido ao alto conteúdo de monoesteres de fosfatos 
presentes em sua estrutura e o reduzido teor de fosfolipídios (ALCÁZAR-ALAY & 
MEIRELES, 2015). 
Devido às excelentes propriedades de atuação como “fillers”, adesividade, 
biocompatibilidade e custo relativamente baixo (MAITI, DHARA & NANDA, 2012; PEREZ 
A B 
Figura 5: Estrutura da amilose (A) e amilopectina (B). 





& FRANCOIS, 2016), o amido é utilizado não somente como agente espessante e gelificante 
em matrizes alimentícias, mas também como material encapsulante. Geralmente é usado 
como material de parede, em especial na técnica de spray drying, ou pode ser combinado na 
forma de misturas com outros polímeros para formação de hidrogéis (CÓRDOBA, 
DELADINO & MARTINO, 2013; FUJIWARA et al., 2013; MAITI et al., 2012; PEREZ & 
FRANCOIS, 2016). Chan e colaboradores (2011) demonstraram que a adição de amido em 
géis de alginato-Ca, por exemplo, produziu uma estrutura menos porosa e com menor 
tamanho de poro, conforme aumentou-se a concentração do amido, apresentando maior 
estabilidade a liofilização e estocagem.  
2.4. DIGESTIBILIDADE IN VITRO 
 
A digestão humana é um processo complexo que consiste na quebra dos alimentos 
ingeridos e absorção dos nutrientes fundamentais para a manutenção do organismo 
(GUERRA et al., 2012). Apresenta três principais etapas: processamento oral, gástrico e 
entérico. Na fase oral ocorrem principalmente a umidificação e lubrificação dos alimentos 
pela saliva (pH ~7); além de transformações mecânicas nos alimentos para redução do 
tamanho de partículas e; algumas reações enzimáticas como a hidrólise do amido promovida 
pela amilase (KONG & SINGH, 2010; MINEKUS et al., 2014). A fase gástrica, por sua vez, 
conhecida pelo ambiente extremamente ácido (pH ~2-3), também auxilia na desintegração 
dos alimentos por meio dos movimentos peristálticos exercidos pelas paredes do estômago 
(KONG & SINGH, 2010); além de contribuir para quebra de proteínas e lipídeos devido à 
ação das enzimas pepsina e lipase (BOLAND, 2016). Por fim, a fase entérica, além de 
colaborar com a digestão enzimática dos alimentos, também é responsável pela absorção dos 
nutrientes em ambos os intestinos delgado e grosso (GUERRA et al., 2012).  
O intestino delgado pode ser dividido em três partes distintas sendo elas duodeno, 
jejunum e ileum. No duodeno ocorre a secreção de diversos componentes pelo pâncreas como 
as enzimas hidrolíticas (pancreatina); o bicarbonato para elevação do pH; além de sais 
biliares, que  atuam na emulsificação de gorduras, facilitando a ação da lipase. É também no 
duodeno que ocorre a recepção do bolo alimentar vindo do estômago; enquanto o jejunum e 
ileum, além de reatores para a digestão enzimática, são os responsáveis pela absorção de 
nutrientes (BOLAND, 2016).  
Por fim, o cólon, também conhecido como órgão metabólico (FERNANDES et 





e, apresenta um ambiente anaeróbico, propício para a sobrevivência de diferentes espécies de 




 células bacterianas, cuja composição varia 
conforme indivíduos e hábitos alimentares (BOLAND, 2016). Ainda, é considerado 
fundamental na produção de nutrientes essenciais não produzidos pelo organismo como 
vitamina B12, além de desempenhar papel importante na prevenção de doenças 











                                                        
Para tentar simular estas etapas, inúmeros métodos in vitro têm sido propostos na 
literatura (KONG & SINGH, 2010; MINEKUS et al., 2014; WRIGHT, KONG, WILLIAMS 
& FORTNER, 2016). Apesar da simulação in vitro não ser ideal, ela apresenta algumas 
vantagens comparada àquelas desenvolvidas in vivo, como baixo custo, maior rapidez, boa 
reprodutibilidade e o não sacrifício de animais (FENG & BETTI, 2017; MINEKUS et al., 
2014). Geralmente se utilizam de misturas complexas contendo enzimas, sais, ácidos, bases, 
além de agitação para mimetizar as condições fisiológicas. O protocolo desenvolvido por 
Minekus e colaboradores (2014) é um exemplo (Fig. 7): 


















 Em síntese, visto que polímeros naturais são mais difíceis de serem modulados 
e apresentam restritas aplicações (SHEWAN & STOKES, 2013), testes de digestibilidade se 
tornam indispensáveis para comprovação se o ativo previamente encapsulado atingiu o sitio 
de ação no organismo. 
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Hydrogels are three-dimensional network that can respond to a high number of stimuli present 
in the external environment and physiological conditions. They can be obtained from 
associative electrostatic interactions between polysaccharides and proteins mixtures named as 
electrostatic hydrogels. To improve its stability, reaching better protection and retention of 
bioactive compounds, a deposition of polymeric/polyelectrolyte films around the hydrogels, 
besides starch addition into the core are good strategies. In this context, this work aimed to 
develop a biopolymeric structure through dripping to vehiculate anthocyanin and hydrolyzed 
collagen, considering the structuring properties of this bioactive peptide. In summary, the 
results showed that the lowest gellan gum concentration tested (0.5% w/w gellan) was the 
best one to build spherical particles, with high bioactives retention (>84% for anthocyanin and 
>68% for collagen peptides). 2.5% (w/w) of hydrolyzed collagen was enough to saturate the 
active sites of gellan gum. Starch disturbed the interactions between hydrolyzed collagen and 
gellan, but it presented an important role to retain anthocyanin into the core’s particle. Finally, 
this work demonstrated that the addition of a gellan coating layer affected the structure of 
particles, increasing pore sizes in the outer part of the beads, which was associated to a 
reduction on bioactives retention. These findings have important contributions for particles 
engineering, showing how different systems can be developed using the same natural 
compounds.  
 















Bioactive compounds are components that can be found in foods and present 
beneficial effects on the health when ingested. Although they are clinically advantageous, 
they may be unstable and easily degraded, depending on the conditions under which they are 
submitted. In addition, their stability, functionality and bioavailability characteristics may be 
compromised during passage through the gastrointestinal tract (Dias et al., 2015; Okuro et al., 
2015). 
Anthocyanin is an important compound with bioactivity and it is known by its 
antioxidant properties and role in prevention of some diseases such as cancer (Wang & 
Stoner, 2008), cardiovascular diseases (Wallace, 2011), anti-inflammatory illness (Wang & 
Mazza, 2002), among others (Cavalcanti, Santos & Meireles, 2011; Flores, Singh & Kong, 
2016). It presents high instability when exposed to the environment conditions such as the 
presence of light, oxygen, temperature, basic medium, among others (Raki et al., 2005). Thus, 
the encapsulation of anthocyanins would be an interesting strategy to reach the protection of 
such compound. Furthermore, if ingested under the encapsulated form, it can achieve the 
colon, where the biological activities have been associated. After exposed to the microbial 
population, they are metabolized into sugar and phenolic compounds (i.e. acids and 
aldehydes), which have great contributions to health effects (Fernandez et al., 2014; McGhie 
& Walton, 2007).  
Hydrolyzed collagen (HC) is also a bioactive compound, derived from collagen 
hydrolysis, and it presents many biological activities such as beneficial to bone tissue, anti-
aging, antioxidative and antihypertensive activities. The esthetic effect of this peptides is 
mainly related to stimulation of the growth of fibroblasts and the regeneration of collagen 
(Sibilla et al., 2015), while the effects to bone tissue are due to stimulation of bone forming 
cells and improvement of calcium absorption (Daneault et al., 2017). Besides the health 
effects, it is mainly used in food industry because of its good solubility and emulsifying 
capacity (Feng & Betti, 2017). Moreover, it presents charges that can interact electrostatically 
with oppositely charged compounds, forming electrostatic complexes and acting as 
structuring agent. Such characteristic was not explored yet for the development of hydrogels.  
Hydrogels are three-dimensional and hydrophilic networks that can be formed by 
the crosslinking of polymers through physical, ionic or covalent interactions. Such structure is 





considerable changes on the network (Coviello et al., 2007; Le, Rioux & Turgeon, 2017; 
Peppas et al., 2000). The presence of chemical and/or physical junctions during the network 
formation are the responsible for the insolubility of this structure (Coviello et al., 2007). 
They are generally produced by ionotropic gelation (Burey, Bhandari, Howes & 
Gidley, 2008), but they can be also obtained based on associative electrostatic interactions 
between polysaccharides and proteins mixtures, resulting in electrostatic hydrogels. These 
ones are obtained when both biopolymers are oppositely charged, condition achieved at a pH 
between the proteins' pI and the pKa of polysaccharides (Le et al., 2017). Based on the 
electrostatic nature of this structure many factors can influence gel formation such as: 
protein–polysaccharide ratio; biopolymer structural characteristics; final pH; ionic strength; 
charge density and the binding affinity (Turgeon et al., 2003; Ye, 2008).  
Gellan gum is a non-toxic polysaccharide (Alhaique et al., 1996), negatively 
charged and composed with a tetrasaccharide repeating units of two residues of β-D-glucose, 
one of β-D-glucuronate and one of α-L-rhamnose (Damodaran, 2010). Its native form is 
produced by the microorganism Sphingomonas elodea, however in the commercial products 
the acyl groups are removed by alkaline hydrolysis (Morris et al., 2012). The gel formation 
can be mediated by acids or salts addition and it takes place by the double helices formation 
during cooling, followed by their posterior aggregation (Vilela, Perrechil, Picone, Sato & 
Cunha, 2015). The gel formation at low pH and in the presence of monovalent cations 
consists on decreasing electrostatic repulsion between the helices and consequent aggregation; 
while divalent cations direct bind with the active sites between gellan double helices (Morris 
et al., 2012). Due to its good gelling properties, many applications for this polysaccharide can 
be found (Alhaique et al., 1996) like structuring microgels for bioactives protection or drug 
controlled release (Alhaique et al., 1996; Babu et al., 2010; Narkar, Sher & Pawar, 2010; 
Singh & Kim, 2005). Even though stables gels are produced at low pH, it should be 
considered that swelling is observed in weakly basic medium, which could cause the release 
of compounds and particle disintegration (Babu et al., 2010).  
In order to improve stability, protection and retention of bioactive compounds, 
besides incorporate multiple responsivities in a controlled way, the addition of fillers as starch 
(Chan et al., 2011; Córdoba, Deladino & Martino, 2013) or the deposition of 
polymeric/polyelectrolyte films onto the hydrogels could be performed (Zhang et al., 2017). 
Starch was found to produce a less porous structure and with smaller pore size when added to 





2011). For the deposition, the layer-by-layer (LbL) assembly is an interesting strategy. This is 
a quite simple reproducible and versatile process that requires adsorption from charged 
species in solution (Decher, 1997; Herman & Lyon, 2015). It consists basically in the 
deposition of oppositely charged compounds into charged surfaces (such as solid surfaces, 
colloidal particles, biological cells and hydrogels) (Santipanichwong et al., 2008), creating a 
charged layer on the surface, independently on the nature, size, and topology of the substrate 
(Decher, 1997). In the case of hydrogels particles, factors like the type of polyelectrolyte and 
the number of layers incorporated are very important to modulate mass transfer out of particle 
(Díez-pascual & Wong, 2010; Zhang et al., 2017).  
In this context, this work aimed to develop a biopolymeric structure made of gellan 
gum and starch to vehiculate anthocyanin and hydrolyzed collagen, considering the 
structuring properties of this bioactive peptide. The influence of starch addition on the 
polymeric network was also studied as well as the coating effects promoted by an outer gellan 
layer. 
3.2.Material and Methods 
3.2.1. Material 
 
Gellan gum (Low acyl) was kindly donated by CPKelco (Limeira, Brazil); 
Blackcurrant anthocyanin extract was gently supplied by Chr-Hansen (Valinhos, Brazil); and 
hydrolyzed collagen (MW 2300 Da) was a gift from Novaprom (Guaiçara, Brazil). Potato 
starch (16.75 ± 0.2 % amylose) was purchased from Zona Cerealista (São Paulo, Brazil) and 
calcium chloride dehydrated was acquired from Anidrol (Diadema, Brazil). All the other 
chemicals used were analytical grade. 
3.2.2. Anthocyanin Characterization  
 
To provide information about the maximum absorption wavelength and anthocyanin 
composition, a scanning spectrum (200 nm to 800 nm) and High Performance Liquid 
Chromatography (HPLC) analysis were conducted. For the first one, a spectrophotometer 
UV-Vis (SQ2800 Unico, New Jersey, USA) was used. The anthocyanin profile was identified 





18 column (150 × 3.9mm, 4 μm with pre-column), as described by Carvalho et al. (2016). The 
mobile phase A consisted in water acidified with 10% acetic acid (v/v) and the mobile phase 
B was composed with methanol.  
3.2.3. Zeta Potential of the Solutions 
 
All the compounds used to produce the particles were characterized by Zeta 
Potential in the pH range of 2.0 to 8.0 using a Zetasizer Nano-ZS (Malvern, U.K.) equipped 
with a MPT-2 Autotitrator (Malvern Instruments, Herrenberg, Germany). Hydrolyzed 
Collagen solution and anthocyanin were prepared at 0.05% ( / ) while potato starch at 
0.01% ( / ). This last one was purified before the readings by centrifuging twice at 
10000g/20 min/21ºC. For all compounds, the titration was conducted using hydrochloric acid 
(HCl 0.1N) and sodium hydroxide (NaOH 0.1N). To determine zeta potential of gellan gum 
solution (0.1% / ) in different pH values, the pH was adjusted with HCl 0.25 N and NaOH 
0.25 N. All solutions were prepared with mili-Q water and at least three replicates were 
carried out for each sample. 
3.2.4. Particles Preparation 
 
Particles were produced by dripping gellan (0-1.5% w/w)+anthocyanin (0.05% 
w/w) solution (~ pH 5.6), containing or not starch (0.5-2.0% w/w) (pH 4.8), using a 2 mm 
inner diameter tube, in hydrolyzed collagen (HC) solution (pH 2.5/ at 10 ºC) to form the 
particles core. All the solutions were prepared with deionized water. Droplets were kept in the 
peptide bath during 10 min for the hydrolyzed collagen (HC) adsorption and hydrogel 
formation. Next, part of the samples were dripped into a gellan solution (0.2% (w/w)/pH 5.6) 
for forming one coating layer by electrostatic deposition, followed by reticulation in calcium 
chloride (150 mM/pH 2.5). Between each deposition step, the particles were washed with 
deionized water (pH 2.5).  
In order to study the effect of gellan concentration on the core, three 
concentrations of this polymer were tested (0.5%; 1.0 % or 1.5 % (w/w)) and the solutions 
were dripped in a fixed HC solution (5% w/w). Once the gellan core concentration was 
defined, the influence of collagen peptides concentration on network formation was evaluated. 
For this, 2.5%; 5.0 %; or 7.5% (w/w) of HC were used in the peptide bath. After choosing the 





(w/w)) were added to gellan/anthocyanin solution. Finally, the best formulation containing or 
not starch was produced with and without the outer gellan layer. The choice of best conditions 
was based on particles that presented higher bioactives retention, circular shape, smaller size, 
besides higher specific superficial area (SSA). The following process parameters were used 
during the dripping: 0.5 cm of dripping height (distance between the dripping tube and the HC 
solution); room temperature; flow rate of 0.03425 g/s and 200 rpm of stirring. The small 
height was defined by the preliminary tests that showed that no particle was formed above 1.5 
cm and, in this condition, they were larger and more amorphous. Particles were produced at 
least in two different batches.  
3.2.5. Anthocyanin Encapsulation Efficiency (EE) 
 
To calculate the anthocyanin encapsulation efficiency, it was necessary to 
quantify the amount of anthocyanin entrapped into the particles. For this, the pH differential 
method (Lee et al., 2005) with some modifications was used. This method is based on the 
anthocyanin color change with pH modification. At pH 1.0, the colored oxonium form is 
present while at pH 4.5, the colorless hemiketal form predominates. In this way, the 
absorbance pigments differences at 520 nm is proportional to the pigment concentration. 
Absorbance measurements at 700 nm also are conducted to haze correction (Lee et al., 2005). 
The reading of absorbance was performed using a spectrophotometer UV-VIS 
(Bioespectro; Model SP 220; BRAZIL) in two wavelengths (515 and 700 nm) and different 
pH’s (1.0 and 4.5), prepared in buffer solutions. The final result was given on cyaniding-3-





) =  
 [(𝐴515− 𝐴700)𝑝𝐻1− (𝐴515− 𝐴700)𝑝𝐻4.5]∗ MM ∗ DF ∗ 1000
l∗ ε
    (Equation 1) 
A515 and A700 represents the absorbance read at 515 nm and 700 nm, respectively; 
MM is the molar mass, in this case based in Cyanidin-3-Rutinoside (595.53 g/mol); DF is the 
Dilution Factor; 1000 corresponds to the conversion factor (g to mg); l is the pathlengh (1 cm) 





The encapsulation efficiency was calculated according the Equation 2, 
considering that the amount of anthocyanin was measured by the losses ((C x V)) during the 






%EE = 100 x [ 1 −  
 Ƹ(𝐶 𝑥 𝑉)𝑛
𝑚𝑖
]   (Equation 2) 
C = Cyaniding-3-rutinoside concentration lost in each processing step. 
V = Volume of each processing step. 
mi = Initial mass of anthocyanin added in the solution.  
3.2.6. Protein adsorption and moisture content  
 
The amount of protein adsorbed onto the particles and the moisture content were 
evaluated. For the protein analysis, the micro-Kjeldhal method was used. This method is 
based on the determination of the nitrogen contained in the organic matter that is latter 
converted to protein, using a correction factor of 5.55 for the collagen (AOAC, 2005). For the 
moisture analysis, a Moisture Analyzer (Shimadzu, Japan) was used. The fast determination 
provided for this equipment is based on the weighing the samples, at the same time as they are 
heated by halogen heating. Thus, the moisture content of a sample is calculated based on 
drying principle (Shimadzu, 2015). All samples were analyzed three times for each method. 
3.2.7. Geometric properties  
 
In order to obtain information about the size, shape and surface area of the 
particles, the Diameter (D), Aspect Ratio (AR) (Eq. 3) and Specific Surface Area (SSA) (Eq. 
4) were obtained by image analyses using the Image J software (Abramoff et al., 2004). All 
particles were pictured with a digital camera and the diameters from major and minor axis of 
each particle were obtained. Particles that presented a non-spherical shape had the diameter 
represented by the equivalent spherical diameter. At least 23% of particles were evaluated for 
each batch. 
 
𝐴𝑅 =  
𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠
𝑀𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠
     (Equation 3) 
 
              𝑆𝑆𝐴 =  
𝐴𝑟𝑒𝑎
𝑉𝑜𝑙𝑢𝑚𝑒






3.2.8. Strain work 
 
To evaluate the mechanical behavior of the formulations, the spherical particles 
(~4.8 mm) were submitted to the uniaxial compression test using a TA-XT Plus Texture 
Analyzer (Stable Micro Systems, UK). Particles were compressed individually by an acrylic 
cylindrical geometry (40 mm of diameter), at 0.5 mm/s, until 80 % of their original height. 
Considering that not all the samples showed fracture, the strain work was obtained from the 
area under the F- d curves, until 20% of strain (Figure 1). Under these conditions a linear 
well-established behavior was observed for all samples. At least thirty spheres of each batch 








3.2.9. Confocal Microscopy 
 
To understand the layer deposition mechanism of HC and the location of the 
compounds inside the particles, confocal microscopy was carried out using a Zeiss LSM 780- 
NLO confocal coupled to Axio Observer Z.1 microscope (Carl Zeiss AG, Germany). Sample 
preparation consisted on dyeing the HC with FITC (1 mg/mL DMSO) to the final ratio of (1: 
50), during 24 h, at 4 ºC. Natural fluorescence properties of anthocyanin were considered to 
identify this compound. All confocal fluorescence images were captured with 20 xor 
40 xobjective lenses. FITC and anthocyanin were excited at 488 nm and 514 nm, 
respectively. A video was recorded from an image series that were taken during 10 min 
(one picture/3s) when hydrolyzed collagen or gellan gum were added to the particle, in order 
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3.2.10. Scanning electron microscopy 
 
In order to investigate the internal structure of the particles a scanning electron 
microscopy was carried out. Beads samples (d ~ 5mm) were fixed in 2.5% glutaraldehyde 
prepared in cacodylate buffer 0.1M (pH 7.2), during 24 h, to minimize structure modification 
during the drying treatment. Then, samples were crio-fractured under liquid nitrogen and 
washed twice with cacodylate buffer. Dehydration of samples in ethanol series (30%, 50%, 
70%, 90%) was conducted, with the final step performed three times with 100% ethanol. A 
critical point drying (Balzers Critical Point Dryer CPD03) was followed and the samples were 
adhered to aluminum stubs and coated with gold in a Sputter Coater (Sputter Coater 
POLARON, SC7620, VG Microtech, Uckfield, England). Images were captured by a 
scanning electron microscope (LEO440i EDS6070 Cambridge, England), using acceleration 
of 10 kV. 
3.2.11. Statistical Analysis 
 
The significance of differences between the means was evaluated by analysis of 
variance (ANOVA) and Tukey test at 95% of level of confidence using Sisvar software 
(FERREIRA, 2011).  
3.3. Results 
3.3.1. Anthocyanin Characterization  
 
The wavelength scan for blackcurrant anthocyanin indicated that anthocyanin 







                          Figure 2: Wavelength Scan for Blackcurrant Anthocyanin. 
By the High Performed Liquid Chromatography (HPLC) analysis (Figure 3) it 
was possible to identify that the cyanindin-3-O-glycoside and cyanindin-3-O- rutinoside were 
the major quantified compounds. From the total anthocyanin content, 22.93% was found to be 
cyd-3-glc and 36.03% was cyd-3-rut. These results are in accordance with (Buchweitz et al., 
2012; Nour et al., 2013) that described blackcurrant anthocyanin with greater amounts of 3-O-
glucosides and 3-O-rutinosides of cyaniding and delphinidin, and always higher than the 





























Figure 3: HPLC chromatogram of the standards Cyanindin-3-O-glycoside (A) and, 







































3.3.2. Zeta potential of the solutions 
 
Figure 4 provides the titration curves obtained from the zeta potential of the 
studied compounds in different pH values. In the whole pH range studied, gellan gum and 
potato starch presented negative charges, with less negative values observed with decreasing 
pH. Picone & Cunha (2013) have reported similar results to the gellan gum between pH 2.8 to 
7.0, in which zeta potential varied from -10 mV to −31 mV, with a decrease on the charge 
density between the pH range of 2.7 - 4.0. This reduction on charge density is attributed to the 
smaller amount of dissociated carboxyl groups of the gluconic acid present in the gellan 
structure at low pH values. Once the gellan gum is a weak acid, its degree of dissociation is 
governed by the pKa of carboxyl groups present in the structure (Horinak et al., 2004). 
Concerning the potato starch, the presence of surface phosphate groups and lipids, generally 
found in this kind of starch, are responsible for the negative zeta potential values (Alcázar-
Alay & Meireles, 2015). Marsh & Waight (1982) studied the effect of pH on the zeta potential 
of wheat and potato starch. The authors observed negative zeta potential (-10 mV to -40 mV) 
for the potato starch in the pH range of 2 – 10, which is in agreement with the findings in the 
present study.  
Zeta potential of hydrolyzed collagen and anthocyanin extract changed from 
negative to positive charges in acidic medium, the latter presenting charges close to neutral. 
The behavior of the peptide is associated to the protonation of the carboxyl groups (COO
-
) in 
pH values bellow of the amino acid isoelectric point (pI 3.75) (Damodaran et al., 2010 & 
Jonest et al., 2010). Regarding the anthocyanin, in aqueous medium this compound can be 
present in four different structures: the quinoidal base, the flavylium cation (AH
+
), the 
carbinol pseudobase and the chalcone (Damodaran et al. 2010). At low pH values the 
predominant form is the flavylium cation, that easily losses the proton form with an increase 







Figure 4: Zeta potential of anthocyanin, hydrolyzed collagen, gellan gum and potato starch solutions 
Under the conditions in which the solutions were prepared, the gellan gum and 
starch presented negative zeta potential (- 33 mV) and (-30 mV), respectively. Thus, in order 
to promote interactions with hydrolyzed collagen, the peptide solution was prepared at pH 
2.5, in order to keep HC positively charged. At the end of process, the particles showed final 
pH around the value from the peptide bath (pH 2.4), condition which gellan presented 
negative charge (-15 mV), while HC presented positive charge (+ 16.3 mV) and starch 
charges were close to the neutral (-3.7 mV). 
3.3.3. Effect of gellan concentration on the particle core 
The effect of the gellan gum concentration on the particle formation was 
evaluated regarding its properties, as moisture content (%Moisture); geometric and 
mechanical properties and its capacity to retain anthocyanin (%EE) and adsorb hydrolyzed 
collagen (%HC) (Table 1). 
High encapsulation efficiency (EE) was obtained in all formulations (> 84%), 
though anthocyanin was lost during the washing steps and layering process. Particles 
presented high moisture content (> 95.6%), which is in agreement with the hydrogel concept 
whose structure can maintain their structural integrity and absorb a large amount of water (Le 
et al., 2017). No significant differences were found in the adsorbed collagen amount between 
formulations with 1.0% and 1.5% of gellan gum into the core; however 0.5% of gellan 

































Table 1: Encapsulation efficiency of anthocyanin (%EE); hydrolyzed collagen adsorption (%HC), moisture 
content (%Moisture), specific superficial area (SSA), diameter (D), aspect ratio (AR) and the compression work 
(W) for macrobeads produced with different gellan concentrations. All formulations were produced with 
5% (w/w) HC in the peptide bath and with gellan coating (0.2% w/w)  
 
 
Gellan gum concentration 
 0.5% 1.0% 1.5% 
%EE 84.25a ± 1.16 89.91b ± 0.10 87.64c ± 0.74 
%HC 68.39a ± 4.55 45.55b ± 0.35 42.35b ± 3.81 
%Moisture 97.94a ± 0.26 96.67b ± 0.10 95.64c ± 0.10 
SSA (mm-1)                   1.27a ± 0.13 1.04b ± 0.08 1.14c ± 0.13 
D (mm) 4.77a ± 0.49 5.81b ± 0.47 5.31c ± 0.58 
AR 1.11a ± 0.01 1.55b ± 0.29 1.53b ± 0.29 
W (μJ) 58.1a ± 7.6 58.2a ± 8.0 56.9a ± 7.3 
Different lower case letters in the same line indicate significant difference (p <0.05) among formulations. 
 
As shown in Figure 5, particles exhibited different aspect when gellan 
concentration in the particle core varied. The lowest concentration of the polysaccharide 
produced smaller (D ~4.7 mm) and more spherical (AR ~1) particles, while particles made 
with 1.0% and 1.5% of gellan exhibited low SSA, high diameter and non-spherical shape 
(Table 1). These differences on the geometric characteristics could be explained by the 
competing existent forces (gravitational forces, viscous–surface tension forces and impact-
drag forces) responsible to maintain the drop shape (Cha et al., 2009).  
Even though it would be expected that particles containing more gellan gum into 
the core would present higher resistance to the compression due to the formation of a more 
dense polymeric network (Pires Vilela, Cavallieri & Lopes da Cunha, 2011; Yamamoto & 
Cunha, 2007), results showed that the work done to compress these particles until 20% of 
strain was not influenced by the gellan content (Table 1). This could be related to a 
compensatory effect created by hydrolyzed collagen content, gellan concentration and the 
shape of the particles. The smallest concentration of gellan (0.5% w/w) showed the higher 
hydrolyzed collagen adsorption and a more spherical shape (AR = 1.11). It is known that 
different shapes present different stress tensile distribution and so, different behavior during 
compression (Atkins & Mai, 1985).  
Based on these results, although 0.5% of gellan concentration did not entrap the 
highest amount of anthocyanin, it was considered the best condition due to the many other 
advantages such as higher collagen amount adsorbed, and production of smaller and more 
spherical particles with a great SSA (Table 1). Collagen peptides, besides acting in this case 
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3.3.4. Effect of hydrolyzed collagen concentration 
 
The influence of hydrolyzed collagen concentration on particle properties was 
also studied (Table 2).   
Table 2: Effect of the hydrolyzed collagen concentration on the encapsulation efficiency (%EE), protein 
adsorption (%HC), moisture content (%Moisture), specific superficial area (SSA), diameter (D), aspect ratio 
(AR) and the compression work (W) of macrobeads. All formulations were prepared with 0.5% (w/w) gellan 
into the core and with gellan coating (0.2% w/w)  
 Hydrolyzed collagen concentration on the peptide bath 
 2.5% 5.0% 7.5% 
%EE 85.56a ± 0.67 84.26a ± 0.09 84.25a ± 1.16 
%HC 70.67a ± 1.87 68.39a ± 4.55 68.76a ± 5.05 
%Moisture 98.71a ± 0.26 98.10b ± 0.29 97.21c ± 0.11 
SSA (mm-1)                   1.23ab ± 0.11 1.27b ± 0.14 1.22a ± 0.07 
D (mm) 4.90a ± 0.41 4.77a ± 0.49 4.93a ± 0.30 
AR 1.13a ± 0.13 1.11a ± 0.01 1.12a ± 0.08 
W (μJ) 66.1a ± 14.5 58.1b ± 7.6 73.3c ± 8.8 
Different lower case letters in the same line indicate significant difference (p <0.05)among formulations 
 
All formulations demonstrated a good ability to encapsulate anthocyanin (%EE> 
84%) with no significant differences (p>0.05). Although different collagen concentrations 
were studied, the amount of this peptide adsorbed to the particles has not shown significant 
differences, with increasing the collagen concentration in the bath solution (Table 2), even 
though the solid content have increased with increase of the HC concentration. 
Particles also showed similar aspect independent of collagen amount (Fig 6), 
(Table 2). The diameter (D), aspect ratio (AR) and specific superficial area (SSA) did not 
demonstrate significant differences (p>0.05) among the formulations, and the work done 
during compression did not present a clear behavior with increasing the collagen 
















In order to better understand the adsorption of the HC molecules onto the 
particles, confocal images were taken over time, immediately after the HC addition. Before 
HC addition anthocyanin was homogeneously distributed into the drop (Figure 7). Even 
though gellan gum is expected to form weak gels at the temperature of HC (10 ºC), with only 
temperature decrease (Morris, Nishinari & Rinaudo, 2012), this gelling mechanism was not 
enough to form a particle due to the low polysaccharide content. 









Figure 7: Drop surface containing only gellan gum (G) and anthocyanin (A), before de addition of hydrolyzed 
collagen. 
2.5%HC 7.5%HC 5.0% HC 
Figure 6: Macrobeads produced by dripping with different hydrolyzed collagen 






Figure 8: Hydrolyzed Collagen (green) addition in gellan gum (G)+anthocyanin (A) droplet during the time: A) 
0 s; B) 3 s; C)6 s ; D)9 s; E)12 s; F)15 s; G)30 s; H)72 s; I)378 s; J) 570 s. 
A                     B       C   D      E 
F                     G       H   I        J 
G+A 





It was possible to observe the arrival of hydrolyzed collagen molecules in the 
gellan drop, represented by the shadow on the bottom part of the images (Fig. 8). Fig. 8 
indicates that the collagen migration and adsorption mechanism occurs within the first 6 
seconds after HC addition. A layer of HC adsorbed on the particle surface was observed in the 
first image obtained after collagen addition (<6s) (Fig. 8C) and at 378 s (Fig. 8I), a total 
surface coating could already be noticed. Factors as molecular mass, structure and electrical 
charges of the involved species probably were decisive parameters to this fast adsorption 
observed (Coviello et al., 2007). 
Besides the peptide diffusion, images indicated peptide-peptide interactions in 














3.3.5. Effect of potato starch addition 
 
In order to evaluate the starch influence on the particles structure and the retention 
of anthocyanin and hydrolyzed collagen, the effect of its addition in particle’s core was 
studied. Results in Table 3, showed that the starch addition increased the anthocyanin 
retention into the particles during the encapsulation process, and decreased the adsorbed HC. 
Besides, addition of potato starch also decreased the moisture content, which was expected 
since there was an increase of total solids in the system.  
A                                 B                           C   
            E 
Figure 9: Peptide-Peptide interactions observed by confocal analysis during A) 246 s; B) 312 s; and C) 528 s. 






Table 3: Encapsulation efficiency (%EE), hydrolyzed collagen adsorption (%HC), moisture content 
(%Moisture), specific superficial area (SSA), diameter (D); aspect ratio (AR) and the compression work (W) for 
macrobeads prepared with different starch concentrations. All formulations were prepared with 0.5% (w/w) 
gellan into the core, 2.5% of hydrolyzed collagen in the peptide bath and with gellan coating (0.2% w/w).  
 Potato Starch Concentration 
 0% 0.5% 1.0% 2.0% 
%EE 85.56 ± 0.67 88.19a* ± 0.46 88.51a* ± 0.83 90.36b* ± 0.12 
%HC 70.67 ± 1.87 36.51a*± 2.13 27.02 b*± 0.69 18.56 c*± 0.27 
%Moisture 98.71 ± 0.26 97.69a*± 0.22 97.39 a*± 0.18 96.35 b*± 0.27 
SSA (mm-1)                   1.23± 0.11 1.24a ± 0.07 1.19 b* ± 0.06 1.18b*± 0.07 
D (mm) 4.90± 0.41 4.86a ± 0.29 5.07b*± 0.28 5.09b*± 0.32 
AR 1.13.± 0.13 1.08a*± 0.07 1.09 a*± 0.07 1.26b*± 0.18 
W (μJ) 66.1 ± 14.5 58.8 a* ± 5.4 53.0 b* ± 8.1 45.2 c* ± 3.2 
Different lower case letters in the same line indicate significant difference (p <0.05) among formulations. 
* Indicates samples that differed significantly from control (0% Starch), when a paired comparison test was 
performed between each sample and the control. 
 
 As observed for macrobeads containing different collagen peptide concentrations 
in solutions (Fig. 6), particles produced with different starch amounts presented a shape close 
to spherical (AR ~1.0), with diameter between 4.8-5.0 mm (Table 3). Formulations containing 
1.0% and 2.0% of starch presented larger diameters and, in the last case, a more irregular 
shape (Figure 10). These starch concentrations also resulted in particles with smaller specific 
surface area as compared to the control. Such results can be related to the presence of starch 
remaining granules after gelatinization step that resulted in the increase of the viscosity in 
gellan solution, favoring the formation of larger particles during the dripping process. Miller 
et al. (1973) reported that starch suspension when previously heated and swelled exhibited an 
increase in viscosity, mainly due to the compounds leached out from the swollen granules. 
Concerning the work during compression, all formulations presented smaller values than 
those from control. The results indicated that the higher the concentration of starch, the 
smaller the work done to compress particles until 20% of strain. The starch resulted on a more 
heterogeneous hydrogel network and thus less cohesive and more disorganized, resulting in a 
softer structure (< work to compress). Thus, it is possible to infer that starch addition results 
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3.3.6. Effect of gellan coating 
 
In order to manipulate the responsivity of particles, the gellan coating addition 
was evaluated. Table 4 compares the experimental data concerning the effect promoted by 
gellan coating on the anthocyanin retention and HC adsorption. 
Table 4: Effect of the gellan coating for particles containing or not starch (S) on the encapsulation efficiency 
(%EE), hydrolyzed collagen adsorption (%HC), moisture content (%Moisture), specific superficial area (SSA), 
diameter (D); aspect ratio (AR) and the compression work (W) during uniaxial compression for macrobeads 
containing starch (S) or not, coated (C) or not (NC) with the gellan gum. All formulations were prepared with 
2.5% of HC in the peptide bath and with gellan coating (0.2% w/w), when the coating was present. 
 Formulations 
 0.5%G/NC 0.5%G+0.5%S/NC 0.5%G/C 0.5%G+0.5%S/C 
%EE 87.03 b2 ± 0.11 89.59 b1 ± 0.08 85.56 a2 ± 0.67 88.19 a1 ± 0.46 
%HC 75.74 b2± 0.94 40.91 b1 ± 3.27 70.67 a2 ± 1.87 36.51 a1 ± 2.13 
%Moisture 98.79 a2 ± 0.22 98.08 a1 ± 0.18 98.71 a2± 0.26 97.69 a1 ± 0.22 
SSA (mm-1)                   1.10 b2 ± 0.07 1.21 b1 ± 0.06 1.23 a2± 0.11 1.24 a1 ± 0.07 
D (mm) 5.46 b2 ± 0.35 4.99 b1 ± 0.26 4.90 a2 ± 0.41 4.86 a1 ± 0.29 
AR 1.08 b2 ± 0.07 1.10 a1 ± 0.08 1.13 a2 ± 0.13 1.08 a1 ± 0.07 
W (μJ) 71.2 b2 ± 5.4 53.8 b1 ± 7.5 66.1 a2 ± 14.5 58.8 a1 ± 5.4 
Different lower case letters in the same line indicate significant difference (p <0.05) among formulations.   
The index 1 compares samples only containing starch, and the index 2, samples without this polymer. 
The addition of the gellan coating reduced the content of encapsulated 
anthocyanin of particles containing or not starch (~ -1.4%). The increased steps during the 
layer formation (such as washing, gellan adsorption and crosslinking with CaCl2) may have 
resulted in anthocyanin loss. Anthocyanin is a water soluble compound (Cavalcanti et al., 
2011) and thus could easily be leached from the particles. The loss could be also related to the 
concentration gradient between the beads and surrounding solution (in this case the gellan 
gum), besides the porous network matrix that facilitates molecules diffusion (Córdoba, 
Deladino & Martino, 2013).  
Hydrolyzed collagen also presented a reduction on its adsorbed content when 
gellan was added to form the coating layer in both particles, containing or not starch (Table 
4). Fig 11 illustrates the HC molecules (green) migrating out of the particle structure when the 
coating is conducted.  
The coating layer due to gellan deposition provided smaller particles with a larger 
specific surface area (Table 4), that could be associated to the loss of collagen peptides of 
particles with or without starch. Besides, a decrease on the work done to compress particles 
until 20% of strain could be noted for hydrogels without starch, while an increase in this 













Fig. 12 shows the internal microstructure of the hydrogels. The hydrogel network 
presented a porous spongy structure, with the gels containing starch presenting larger porous. 
Starch granules can be seen entrapped within the continuous network, resulting in increase of 
the pore size of the gels, and a heterogeneous and less cohesive network (Fig.12 D and H), as 
compared to the samples not containing starch.  
The gellan coating, independently the starch addition, promoted a network 
opening, mainly on the outer part of the particles, even though a crosslinking was done with 
calcium ions. This fact is better illustrated by Fig. 12A and Fig. 12B, where the internal part 
of the particle has a dense and closed network, while the outer portion presented network with 
larger pores. This image allows estimating the thickness of the gellan coating around 130 μm, 










A                                     B   C                D 
Figure 11: Gellan Gum addition in gellan gum/anthocyanin droplet coated with hydrolyzed collagen 












































Figure 12: Scanning electron microscopy (SEM) of the hydrogel internal structure. Images on the left were 
taken with magnification of 150X, and the images on the right, at 500X. 
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The results obtained in the SEM images provided important insights about the 
particle microstructure, and such results may be associated to beads characteristics. By 
understanding the factors involved in the particles structuring, it is possible to modulate their 
performance. 
From the zeta potential analysis (Fig. 4) it was possible to conclude that pH 2.5 
was the best one for the electrostatic interaction occurrence. In this condition the hydrolyzed 
collagen (HC) presented a positive zeta potential (+16.3 mV) while gellan gum was negative 
(-15 mV), with similar charge density. According to the literature, proteins and anionic 
polysaccharides generally present associative interactions among them under conditions of 
opposing charges (Amit et al., 2012), driven by entropic and enthalpic factors (Jones, Decker 
& Mcclements, 2010; Turgeon et al., 2003). In addition, anthocyanin presented positive 
charges in this chosen pH (~ + 3.8 mV), which may have contributed to the high retention of 
this compound (EE > 84%) (Table 1). Fig 13 illustrates a schematic structure of the particle 










Although the collagen peptides migrated to the particle core, the major amount of 
HC molecules seems to be onto the surface (Fig. 8), allowing the higher retention of 
anthocyanin into the core (Fig. 7). However, the entrance of collagen into the core could 
result in the repulsion of anthocyanin of the interior, due to the higher charge of the HC that is 
more prone to interact electrostatically with gellan in the particle’s inner (Fig. 4). 
The higher content of collagen peptides onto the surface could be explained by a 
decrease of the concentration gradient with time. The reduction of inner porosity and 
production of dense and closed network (Fig. 12) may have created a barrier to the 
hydrolyzed collagen diffusion, favoring peptide-peptide interactions in the outer part of 












particles (Fig. 9). Thus, hydrolyzed collagen formed preferentially an outer layer around the 
particle (Fig.8), instead of being encapsulated as anthocyanin into the core.  
According to the experiments concerning the effect of gellan concentration on the 
core of particle, gellan gum concentration influenced the amount of anthocyanin retained, 
with lower retention for 0.5% (w/w) of gellan, which is the lowest tested concentration. 
Besides, the amount of gellan into the core changed strongly the shape and size of 
macrobeads, increasing the diameter and aspect ratio when polymer concentration was 
increased (Table 1). Similar results have been reported in the literature as those found for 
gellan-calcium macrobeads (Babu et al., 2010; E. S. Chan et al., 2009). In both cases, the 
authors showed that an increase in polymer concentration is associated to an increase in 
solution viscosity. The differences found on the geometric characteristics of particles 
produced with different polymer concentration can be explained by the competing existent 
forces (gravitational forces, viscous–surface tension forces and impact-drag forces) 
responsible to maintain the drop shape (Chan et al., 2009). Impact drag forces can be 
associated to shape distortion after detachment; while gravitational, viscous and surface 
tension forces are present during the dripping. The dripping consists in a slow movement of 
the viscous drop until it is deformed under its own weight (Lee, Ravindra & Chan, 2008). 
During this process, gravitational force acts pulling the drop down while surface tension force 
in the contact region between the drop and the tube acts in the opposite direction; and thus 
both affects strongly the beads size (Chan et al., 2009). As discussed by Ejim et al. (2010) 
droplet size is positively correlated to the liquid surface tension, viscosity, and density of the 
fluid. In the present study, the lowest viscous solution (0.5%G) promoted an easier drop 
detachment due to the development of short neck (Shi et. al, 2009), producing smaller 
spherical particles (Fig. 5). 
Although it was expected that higher gellan concentrations would result in more 
collagen peptides adsorbed onto particles due to the presence of more binding sites (carboxyl 
groups), this was not observed. This could be related to the reduced specific surface area 
(SSA) found to particles formulated with higher concentration of gellan gum in the core 
(Table 1), that is associated to reduced area for adsorption of the hydrolyzed collagen 
molecules.   
As a consequence of the higher protein adsorption for the formulation containing 
less gellan, a lower retention of anthocyanin was observed during the encapsulation process 





8), resulted in anthocyanin expulsion, as verified by the encapsulation efficiency results 
(Table 1). As previously explained, this expulsion could be directly correlated to the 
competition for the binding sites of gellan into the core, or even to the porosity of the 
structures formed, since structures with lower polymer concentration presents larger pores and 
lower density (Bertz et al., 2013) and, therefore, lower ability to retain anthocyanin. 
Gellan gum concentration of 0.5% was chosen as the best concentration of this 
polymer for the particles production, due to its ability to form spherical particles with a large 
specific surface area that are able to load a high amount of anthocyanin and hydrolyzed 
collagen. Moreover, the lower concentration of polymer used represents lower cost for the 
industry. This result is in agreement with those reported to hydrogel network traditionally 
formed by ionic gelation (Narkar et al., 2010; Singh & Kim, 2005), in which the polymer 
content used were also low (≤ 2%), and more than 90% of water were retained (Le et al., 
2017). The high water content of such biopolymeric networks may have contributed to the 
retention of the bioactives due to the hydrophilicity of both compounds.   
The influence of hydrolyzed collagen concentration showed that all formulations 
demonstrated a good ability to encapsulate anthocyanin (%EE> 84%) (Table 2). Besides, 
particles presented the same amount of peptide adsorbed, independently of its concentration 
on the peptide bath. This result indicates that the active binding sites have already been filled 
with 2.5% of hydrolyzed collagen. In this way, it is not efficient to add concentrations above 
2.5% (w/w), since there will be no longer adsorption of the peptide molecules. Tello et al. 
(2015), on the other hand, observed an increase in the amount of adsorbed protein onto 
alginate and pectin particles surface, when egg white proteins, whey proteins or a mixture of 
them was used in higher concentrations (2%, 4%, 6% and 8% w/w). The findings of such 
work are also in agreement with those found for alginate particles covered with chitosan (Xie 
et al., 2010). In this case, an increase in the concentration of the polysaccharide in solution 
resulted on higher surface roughness and probably, higher chitosan adsorption onto particle’s 
surface. The differences between these reports and the findings presented in the present paper 
could be explained by the way that hydrogels were produced, by the adsorption time and by 
the size of the adsorbed molecules. In the present work, particles were based only on 
electrostatic interactions without a primary crosslink with calcium ions, on the contrary of the 
works developed by Tello et al. (2015) and Xie et al. (2010). Besides, confocal image series 
(Fig. 8), showed a hydrolyzed collagen (HC) layer formed initially around the gellan droplet, 





peptides entry into the core. Thus, lower concentration of HC in the solution bath would be 
enough to saturate the actives sites of gellan, even though an increase on the concentration 
gradient was present. 
Particle’s shape was also independent of the HC concentration (Table 2), which 
was related to the absence of differences in the amount of hydrolyzed collagen adsorbed onto 
the particles (Table 2), even though more peptides were added to the solution bath.  
With respect to the starch addition, it was found that the formulations containing 
starch presented higher encapsulation efficiency for anthocyanin, despite having a reduced 
amount of adsorbed collagen molecules (Table 3). The increased anthocyanin content on the 
starch containing particles could be associated to the adsorption of the anthocyanin by the 
remaining starch granules that showed an opening and non-intact structure (Fig.12). Other 
researchers (Huang et al., 2014) also showed cracks into remaining granules surface when the 
gelatinization of potato starch was induced. Moreover, due to its ability to act as a stabilizer 
increasing the viscosity of the medium after the gelatinization step (Alcázar-Alay & Meireles, 
2015), the starch could also retain anthocyanin by its viscous effect, considering that it does 
not electrostatically interacts once it presents charges next to the neutral (- 3.7 mV) at the 
processing pH (Fig. 4).  
Concerning the microstructure of the particles, SEM images (Fig. 12) suggest that 
the starch interferes in the formation of the polymeric network. This fact can be evidenced by 
the large opening of the pores when starch was present (Fig. 12) and the lower amount of 
hydrolyzed collagen adsorbed into the structure (Table 3). Besides, particles added with starch 
offered less resistance during the uniaxial compression (Table 3), which may be attributed to 
the higher porosity and larger pores in the biopolymeric network that created a less cohesive 
and less dense structure (Fig. 12). Azami & Moztarzadeh (2010) found a correlation between 
mechanical properties and porosity to hydroxyapatite/gelatin nanocomposites used as 
biomimetic scaffolds in bone tissue engineering. The authors observed higher porosity and 
smaller resistance of the material to the compression (< σrup) for the smallest concentration of 
gelatin.    
Another important finding in this study was about the gellan coating effects. The 
addition of coating layer promoted loss of anthocyanin, decreased the hydrolyzed collagen 
adsorption and produced smaller particles with a larger specific surface area (Table 4). Since 
the system is based on electrostatic interactions it is possible to infer that the counter diffusion 





adsorbed, because of the negative charges of gellan gum (Fig. 4), and it caused the formation 
of larger pores in the outer part, as showed the scanning electron microscopy (Fig. 12A). This 
result may be confirmed by protein analysis (Table 4), that indicates that the amount of 
protein adsorbed was lower for particles coated with gellan. Besides, the entry of gellan 
molecules together with the output of hydrolyzed collagen could be observed by confocal 
microscopy (Fig. 11C). Such result indicated that the decrease on the particle’s size may have 
occurred due to a reduction of the thickness of the protein layer promoted by the loss of HC 
molecules of the structure. 
The increase on porosity promoted by the addition of a second gellan layer can 
also be observed for particles containing starch (Fig. 12D and Fig. 12H). Although it was not 
evident the gellan coating in Fig. 12D, the pore size were larger in this case.   
3.5. Conclusions 
 
This work has successfully developed a coated particle based on electrostatic 
interactions and able to vehiculate anthocyanin and hydrolyzed collagen considering the 
structuring properties of this last one. Moreover, this study also had important contributions 
about how the macro and microscale are affected with potato starch addition and gellan gum 
coating. It was demonstrated that the starch decreased the amount of HC adsorbed and it 
increased the porosity and pore size of the bipolymeric network, weakening the particle 
structure. The gellan coating layer led to anthocyanin and HC loss, besides promoting a 
networking opening mainly on the outer part of the particles. 
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Microgels are delivery systems that can be modulated in many ways such as the addition of a 
coating layer and the use of fillers to improve stability and retention of the compounds. In this 
way, properties as rheological behavior, digestibility, and porosity, for example, could be 
easily exploited in several applications, because of the different structures possible to be 
obtained. This study aimed to produce an intestine delivery system prepared by electrostatic 
interactions between gellan and hydrolyzed collagen to protect anthocyanin through the 
gastrointestinal tract. Particles presented an irregular shape and a large polydispersity as 
showed by particle size data and microscopies. Microparticles coated with gellan exhibited a 
smooth and compact squamous structure, while the other ones exhibited a roughness and 
wrinkled network. Also, cracks and holes onto surfaces of the coated microgels added of 
starch could be noted, which were related to the higher increase on relative viscosity for these 
particles, which are prone to absorb water inside their structures. Moreover, all suspensions 
showed a shear-thinning behavior for the microgel fractions tested (ϕ), and in general, they 
exhibited a consistence index greater than the grape juice, indicating a possible utilization as 
thickener for liquid foods. This research has also shown that all microgels formulations were 
stable to the oral and gastric conditions and low amount of anthocyanin was released on these 
stages. Although hydrolyzed collagen was submitted to pepsin enzyme action, no 
disintegration of microbeads was observed on the gastric step. The coating demonstrated an 
important role to prevent the early release of anthocyanin in the enteric conditions, allowing 
this compound to reach the microbial flora present in the colon (target place). Finally, 
considering that collagen peptides absorption occur in the intestine under the form of free 
amino acids and di- and tripeptides, the release during all the steps would be interesting since 
a sustained release is achieved and peptide molecules can undergo degradation by gastric and 
pancreatic proteases, increasing its bioavailabity when reaching the wall gut. In this way, it 
could be suggested that an intestine delivery system was successfully achieved in this study. 
 
Keywords: Gellan gum; Blackcurrant Anthocyanin; Hydrolyzed Collagen; Coated microgels; 












Biopolymeric delivery systems are useful structures that have been developed to 
encapsulate, deliver and release bioactive and pharmaceutical ingredients in the last years. 
Examples of such structures are the microgels, known as three-dimensional microscopic ‘soft’  
gel-like particles (Shewan & Stokes, 2013), with the network generally composed of water-
soluble polymers (Hoare & Kohane, 2008) and designed mainly to be used in hydrated media 
as yogurts and juices (Burey, Bhandari, Howes & Gidley, 2008).  
Depending on the materials used to synthesize the hydrogels, they can respond to 
a larger number of stimuli present in the external environment and physiological conditions, 
such as pH, ionic strength and temperature (Peppas, Bures, Leobandung & Ichikawa, 2000). 
In this way, some applications could be found, including its use as potential carriers of drugs 
and bioactives compounds for protection and controlled release applications (Narkar, Sher & 
Pawar, 2010), which is associated to their highly porous network (Hoare & Kohane, 2008). 
Microgels microstructure can be modulated by using different techniques as the 
addition of a coating layer (Nogueira, Prata & Grosso, 2017; Tello et al., 2015; Vilela, 
Perrechil, Picone, Sato & Cunha, 2015), mixture of polymers (Perrechil, Sato & Cunha, 2011; 
Soares, Castro, Cury & Evangelista, 2013) and the use of fillers as the starch (Chan et al., 
2011; Córdoba, Deladino & Martino, 2013). The modulation of the structure can influence 
many properties as rheological behavior of microgel suspensions, digestibility, porosity, 
among others. Thus, variations on the structure of the beads can be widely exploited in 
different applications, such as control delivery, texturizers in foods and personal care 
products, coatings industry, oil recovery and pharmaceuticals (Stokes, 2011). 
Understanding the rheological behavior of microgels suspensions is important 
because it allows optimization of the properties during processing, consumption and stability 
during storage (Ching, Bansal & Bhandari, 2016). Such study is more complex as found to 
hard spheres mainly due to some inherent particle characteristics as deformability, porosity 
and volume changes in their structure in response to a variety of stimuli (Shewan & Stokes, 
2015). At higher concentration, soft particles can present a viscoelastic and solid-like 
behavior (Shewan & Stokes, 2015), which is dependent of the material and method used to 
produce the particles (Adams; Frith; Stokes, 2004).  
Gellan gum has been applied in a lot of delivery systems (Alhaique et al., 1996; 
Babu, Sathigari, Kumar & Pandit, 2010; Narkar, Sher, & Pawar, 2010; Boni, Prezotti & Cury, 





achieved by decreasing on temperature, or addition of salts or acid (Pires Vilela, Cavallieri & 
Lopes da Cunha, 2011; Yamamoto & Cunha, 2007). However, a combination with oppositely 
charged compounds can form electrostatic complex that may also allows the loading of 
actives (Picone & Cunha, 2013). Protein or peptides could be use in this case, as those derived 
from collagen, because they present charged groups (amino acids), with the charge dependent 
on the pH of the medium. This strategy is interesting because some peptides also presents 
biological activity as those exhibited by the hydrolyzed collagen that show anti-aging, 
antioxidative and antihypertensive effects (Feng & Betti, 2017; Sibilla, Godfrey, Brewer, 
Budh-raja & Genovese, 2015).  
Other compound known by its bioactivity is anthocyanin. It presents health effects 
such as antioxidant activity (Nour, Stampar, Veberic & Jakopic, 2013), prevention of some 
diseases such as anti-inflammatory (Sogo et al., 2015), anti-mutagenic (Mendoza-Diaz et al., 
2012), heart diseases (Colantuni et al., 1991), as well as cancers, reducing tumor growth (Hui 
et al., 2010). However, the high instability to environment conditions as basic medium, results 
in poorly absorption of anthocyanin in the gut, where the biological activities have been 
associated due to the microbial flora metabolization (Fernandez et al., 2014; McGhie & 
Walton, 2007).  
Many methods are available nowadays to evaluate the bioavailability of bioactive 
compounds (Feng & Betti, 2017; Kong & Singh, 2010; Minekus et al., 2014; Wright, Kong, 
Williams & Fortner, 2016). In vitro approach presents great advantage to eliminate the 
sacrifice of animals, and it is more simple, cheaper and less laborious (Feng & Betti, 2017). 
Although this kind of experiment does not really simulate the real conditions of human 
digestion, it provides a great indicative of the release and resistance of encapsulating 
structures to gastrointestinal environment.  
In this context, this work aimed to produce an intestine delivery system made of 
gellan-hydrolyzed collagen to protect anthocyanin through the gastrointestinal tract. 
Moreover, the evaluation of the rheological characteristics of the produced microgels added in 
a food matrix was carried out in order to predict the behavior during the processing, 






4.2. Material and Methods 
4.2.1. Materials 
 
Gellan gum (Low acyl) and blackcurrant anthocyanin were kindly donated by 
CPKelco (Limeira, Brazil) and Chr-Hansen (Valinhos, Brazil), respectively. Hydrolyzed 
collagen was donated by Novaprom (MW 2300 Da) (Guaiçara, Brazil). Potato starch was 
acquired from Zona Cerealista (São Paulo, Brazil) and calcium chloride was obtained from 
Anidrol (Diadema, Brazil). The enzymes for the simulated gastro-intestinal testes were 
purchased from Sigma (Jurubatuba, Brazil) and the bile extract from Santa Cruz (Paulínia, 
Brazil). Grape juice was purchased from a local market, and all the other chemicals used were 
of analytical grade. 
4.2.2. Microgel preparation 
 
Firstly, gellan gum solution (G) (0.5% w/w), containing or not potato starch (S) 
(0.5% w/w), was heated at 90 ºC, during 30 min. After cooled, anthocyanin (0.05% w/w) was 
added and the solutions were atomized through a nozzle into a hydrolyzed collagen (HC) 
solution (2.5% (w/w)/10 ºC/pH 2.5/10 min). Part of samples were coated with a gellan gum 
solution (0.2% w/w), followed by reticulation promoted by CaCl2 (150 mM). Non-coated 
samples (NC) were also produced. Between each deposition step, particles were washed with 
acidified deionized water (pH 2.5), with hydrochloric acid. Solutions were extruded from a 
nozzle (ø 0.7 mm), located at 15 cm of height from HC, with pressured air (P= 0.5 bar) and a 
feed flow rate of 0.03425 g/s (Fig. 1). Particles were maintained under stirring (150 rpm), 
during 10 min, for hydrolyzed collagen adsorption. Two different batches were carried out for 
























4.2.3. Anthocyanin content (EE) 
 
The anthocyanin content of the microgels was determined by the pH differential 
method (Lee, Durst & Wrolstad, 2005) with some modification. Absorbance readings were 
conducted by using a spectrophotometer UV-VIS (Bioespectro; Model SP 220; BRAZIL) in 
two different pH’s prepared with buffer solutions (1.0 and 4.5) and two wavelengths (A515: 
515 nm and A700: 700 nm). The final result was given on cyaniding-3-rutinoside equivalent 





3-rutinoside molecular weight (MM) of 595.53 g/mol; pathlengh (l: 1cm); Dilution factor 





) =  
 [(𝐴515− 𝐴700)𝑝𝐻1− (𝐴515− 𝐴700)𝑝𝐻4.5]∗ MM ∗ DF ∗ 1000
l∗ ε
    (Equation 1) 
Considering that gellan particles are difficult to fracture, the encapsulation 
efficiency of anthocyanin was calculated by Equation 2, in which anthocyanin losses during 
the encapsulation process was primary determined ((C x V)). 
                                         %EE = 100 x [ 1 −  
 Ƹ(𝐶 𝑥 𝑉)𝑛
𝑚𝑖
]                                     (Equation 2) 
 
C = Cyaniding-3-rutinoside concentration lost in each processing step. 
V = Volume of each processing step. 





P = 0.5 bar 
150 rpm 






4.2.4. Protein adsorption and moisture content  
 
To quantify the protein adsorbed onto microgels, the micro-Kjeldhal method was 
carried out, using a conversion factor of 5.55 for the collagen (AOAC, 2005). For the 
moisture content evaluation, a Moisture Analyzer (Shimadzu, Japan) was used. All the 
samples were analyzed in three times. 
4.2.5. Particle Size Distribution 
 
Particle size distribution analysis was carried out for microgels using laser 
diffraction in a Mastersizer (Malvern Instruments Ltda, UK), with the Hydro 2000S unit 
(Malvern, Worcestershire, WR, UK). For the measurements, samples were dispersed in 
distillated water for the Sauter diameter (D [3,2]) (Equation 3) and the polydispersity (SPAN) 
(Equation 4) determination. The readings were carried out in triplicate.  
                                           𝐷32 =  
∑ 𝑛𝑖𝑑𝑖³
𝑛𝑖𝑑𝑖²
                                            (Equation 3) 
Where: ni = Number of particles and  di= diameter (µm);   
                                      𝑆𝑃𝐴𝑁 =  
𝑑90−𝑑10
𝑑50
                                       (Equation 4) 
Where d90, d10 e d50 corresponding the diameters (µm) below which there are 10%, 50% and 
90% of the samples, respectively. 
4.2.6. Morphology 
 
In order to investigate the shape of particles and their respective surface 
morphology, microgels were characterized by optical and scanning electron microscopy. In 
the first case, microparticles were dyed with iodine to increase the contrast during the analysis 
in an Scope A1 optical microscope (Carl Zeiss, Germany). This contrast could be observed 
between iodine-amylose, once iodine is arranged into the helical amylose chain, producing a 
blue/black complex (Rundle & Foster, 1944). Besides, HC was also highlighted once, at pH 
values below the HC pI (pI 3.75), it presents positive charges (Damodaran et al. 2010), and 







For the scanning electron microscopy analysis, microgels were immersed in 2.5% 
glutaraldehyde prepared in cacodylate buffer 0.1M (pH 7.2), during 24 h, to maintain the 
structural characteristics during the drying treatment. Then, they were washed with cacodylate 
buffer and to eliminate water from the samples, a dehydration in ethanol series (30%, 50%, 
70%, 90%) was carried out with the final wash performed twice with 100% ethanol, before a 
critical point drying (Balzers Critical Point Dryer CPD03).  After dried, samples were adhered 
to aluminum stubs and coated with gold in a Sputter Coater (Sputter Coater POLARON, 
SC7620, VG Microtech, Uckfield, England). Image were captured by a scanning electron 
microscope (LEO440i EDS6070 Cambridge, England), using an acceleration of 10 kV.  
4.2.7. Rheology of suspensions 
 
A study of rheological behavior of microbeads added to grape juice (pH 3.0) was 
conducted in order to evaluate if microgels change the rheological characteristics of the juice. 
Once it is desirable minimum changes in the product color, the grape juice was chosen due to 
its similar color as compared to the microgels. For this, suspensions with different microgel 
concentrations were evaluated (2.5%; 5.0%; 7.5%; 10.0% and 15.0% (w/w)). The 
measurements were carried out in steady state using a rheometer (TA Instruments, AR1500ex, 
New Castle, DE, USA) equipped with a plate-plate rough geometry (ø = 40 mm) and a 
variable gap, depending on the size distribution. Flow curves were obtained in a shear rate of 
0 and 100 s
-1 
for the control (pure juice) and microgels suspensions. Three ramps were 
performed to eliminate thixotropy, and the third curve was fitted according to the Power Law 
model. All measurements were conducted in triplicate. 
In order to find the maximum packing fraction for the suspensions, the Maron & 
Pierce equation was fitted to the relative viscosity data (Equation 5). This equation is 
generally used for monomodal particles and it describes how the viscosity of suspensions is 
influenced by the volumetric fraction of solids in the system (Maron & Pierce, 1956). 
 





                                      (Equation 5) 
 
Where  𝜂𝑟 represents the relative viscosity of the suspensions ( 𝜂𝑟 =  
𝜂𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
𝜂𝑗𝑢𝑖𝑐𝑒
); ø the 





the fraction of solids at which the suspension viscosity diverges towards infinity (Shewan & 
Stokes, 2013). 
4.2.8. In vitro digestibility 
 
In order to evaluate how the microgels structures behave in the gastrointestinal 
tract during digestion, the samples were submitted to in vitro digestibility test, according to 
the protocol described by Minekus and co-workers (2014). 
Oral phase consisted in a mixture of sample with the simulated salivary fluid 
(SSF) in 50:50 (v/v). Initial sample consisted in a microbead suspension of one part of 
microgel to four parts of distilled water (1:4) and SSF was composed of α-amylase solution 
(75 U/mL), added with 0.75 mM CaCl2 in the final mixture. This stage occurred rapidly 
(~2min), at a temperature of 37 ºC, pH 7.0 and under stirring, performed on orbital shaker 
(Tecnal, TE-420) at 100 rpm. 
The gastric digestion step was composed of a 50:50 (v/v) mixture of sample from 
the oral stage with simulated gastric fluid (SGF). In this case, the SGF was prepared with an 
enzymatic solution of pepsin-porcine (2000 U/mL), CaCl2 (0.3 mol/L), HCl (1 mol/L) and 
water. The gastric phase was performed during 2 hours, under stirring, with the system at a 
pH 3 and 37 °C. 
To simulate the intestinal digestion, a 50:50 (v/v) sample mixture from the gastric 
stage and the simulated intestinal fluid (SIF) was prepared. The SIF consisted in a solution 
containing pancreatin (800 U/mL), bile salt (160 mmol/L), CaCl2 (3M), and NaOH (1 mol/L). 
This step was performed in 2h, at 37 ° C, at a pH 7.0 and under stirring. 
Microgels were evaluated throughout all the digestive stages, regarding their size 
distribution; anthocyanin content and morphology by the optical microscopy. For this, 
samples were taken at the end of each step, and immediately cooled (T = 0 ° C) to reduce the 
enzymatic activity and the speed of the chemical reactions until the analysis. To eliminate 
interferers of the simulated fluids on the anthocyanin quantification, samples were centrifuged 
at 10000 rpm/20 min/20ºC and an aliquot of the supernatant was taken to anthocyanin 







4.2.9.  Statistical Analysis 
 
Results were statistically analyzed by the Analysis of Variance (ANOVA) and 
Tukey test at 95% of level of confidence, using the Sisvar software (FERREIRA, 2011).  
4.3. Results and Discussion 
4.3.1. Effect of starch addition and coating layer 
Table 1 illustrates the coating effect of the gellan gum and starch addition on 
anthocyanin encapsulation efficiency (%EE); hydrolyzed collagen adsorbed (%HC); and 
moisture content (%Moisture) of the microbeads. 
Table1: Evaluation of coating effect (C or NC) and starch addition (S) on microgel formation by the 
encapsulation efficiency of anthocyanin (%EE); hydrolyzed collagen adsorption (%HC) and moisture content 
(%Moisture). All formulations were atomized in 2.5% (w/w) of hydrolyzed collagen and the coating layer 










The moisture content indicated that particles containing starch presented lower 
moisture, once more solids is present in the structure. In addition, it was observed an 
increase on the anthocyanin loss when the coating was presented, however this was not 
noted for microbeads containing starch (p<0.05). This could be attributed to the increase of 
viscosity by the gelatinized starch (Alcázar-Alay & Meireles, 2015), which helps to entrap 
anthocyanin into the particle’s core. In addition, the presence of remaining granules may 
have absorbed the anthocyanin, due to the existence of cracks onto heated granules surface 
(Huang, Wei, Li, Liu & Yang, 2014), decreasing its release. 
Gellan coating addition resulted on a decrease on hydrolyzed collagen adsorption 
of 34.85% for particles containing starch and 51.44% for the other ones. Furthermore, 
particles added with starch decrease the peptide adsorption in 6.25% for coated particles and 
22.84% for the not coated (Table 1).These results are in agreement with our previously 
Formulations % EE %HC %Moisture 
0.5%G/C 76.03Aa ± 0.82         19.74Aa ± 1.86 98.76Aa ± 0.12 
0.5%G+0.5%S/C 76.65Ac ± 0.32         13.49Bc±1.51 98.19Bb± 0.11 
0.5%G/NC 77.97Bb ± 0.11         71.18Cb ± 3.52 98.49Ca ± 0.20 
0.5%G+0.5%S/NC 77.10Cc ± 0.20         48.34Dd ± 4.03 97.70Dc ± 0.12 
Different letters to a given parameter (same column) represent statistical difference p <0.05.  
Lower case letters compare solely the coating effect (with or without starch) and capital  





report (Chapter 3) that showed, by confocal analysis, the output of peptide molecules from 
beads, once gellan of the coating can attract peptide molecules already adsorbed to particle 
outside. Considering that the gellan-collagen network is based on electrostatic interactions, a 
possible interference of starch on the biopolymeric network formation could occur. In this 
case, the starch could represent a spatial impediment of peptide connection to the active sites 
of gellan gum present into the core. These losses of peptides were intensified when 
microparticles were used (smaller size), reinforcing the importance of surface area in this 
case. 
4.3.2. Particle size distribution 
 
Figure 2 provides information about particle size distribution, polidispersity 
(SPAN) and surface mean diameter (D3,2) for the different produced microbeads. The 
surface mean diameter or Sauter Diameter was chosen because it represents better interfacial 
phenomena. It can be interpreted as the diameter of the sphere that has the same average 
surface area of the measured particles, presenting both systems the same total area, surface 
energy and volume (Przemyslaw & Drzymala, 2016). 
 
 
Figure 2: Particle size distribution of formulations. Different letters to a given parameter (same 
column) represents statistical difference p>0.05. Lower case letters compare the coating effect, being 
the index 1 used for comparison of samples containing starch (S). Capital letters compare the effect 
promoted only by starch addition. The index 1 was used for comparison between samples without the 
outer layer of gellan gum (NC). 
 
A decrease on the polydispersity promoted by gellan coating was observed for 






















resulted in more uniform particles. Regarding the size, the coating increased the D3,2 for 
particles with starch and did not change the size for those without this biopolymer. This may 
be related to the losses of hydrolyzed collagen molecules that were higher for particles 
without starch and thus, it did not change significantly the mean diameter of microgels even 
though a layer was added. 
In addition, starch presence increased the polydispersity of particles independently 
of the coating, and increased the mean size for the coated microgels, which can be associated 
to the remaining granules presence that exhibited different sizes and shapes after being heat 
treated.  
4.3.3. Morphology of the microparticles 
 
The microparticles produced were characterized according to their morphology 
(Fig 3). The optical micrographs revealed particles with an irregular shape and a large 
polydispersity as showed by particle size distribution data (Fig. 2). Comparing with the 
traditional gellan ionic gelation method, in which particles obtained are more spherical (Vilela 
et al., 2015), such reduced sphericity could be related to the higher molecular mass of HC 
molecules, which would result in slower diffusion of HC molecules as compared to salts, 
commonly used in ionic gelation. Furthermore, with the magnification of 10 x (Fig. 3A, D, 
and G) the presence of agglomerates was evident, probably intermediated by electrostatic 
interactions.  
Closer inspection of the scanning electron microscopies suggested that particles 
presented differences on the external morphology. Microparticles coated with gellan showed a 
smooth and compact squamous structure (Fig. 3C and 3F), while the other ones exhibited a 
roughened and wrinkled structure (Fig. 3I and 3L). These findings are an important indicative 
that the coating has been successfully executed with the gellan layer adhered to the microgels. 
Unlike some studies that associate adhesion with roughness for alginate—pectin particles 
(Córdova et al., 2015; Tello et al., 2015), these results demonstrated that the coating could be 
also associated with smooth surfaces.  
 The SEM images also revealed cracks and holes onto surfaces of coated 
microgels containing starch (Fig. 3F). The opening of the biopolymeric network was probably 
caused by the reduced amount of collagen peptides adsorbed, which corroborates the starch 





Figure 3: Optical microscopy of the microparticles (Left and center colums) and scanning electron microscopy 
(right columm). Images on the left were taken with magnification of 10X, the images on the center, at 40X and at 
the right 2500X. 
4.3.4. Rheological behavior of suspensions  
 
In order to understand the microparticles influence on the rheological behavior of 
the food matrix, they were added in a grape juice in different concentrations. This knowledge 
is important to food industry since it is related to the prediction of the suspension behavior 
when it undergoes the processing, storage and consumption (Ching, Bansal & Bhandari, 
2016). 
The grape juice showed a pseudoplastic behavior (n=0.38 ± 0.01), with a 
consistence index of 0.089 ± 0.006 Pa·s
-1
. This behavior can be directly correlated to its 
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composition because it presented guar gum in the formulation, and this polysaccharide in 
aqueous solution is known to demonstrate a shear-thinning behavior (Mudgil & Barak, 2014).  
Figure 4 illustrates the rheological behavior of the microgel suspended in grape 
juice. All formulations exhibited a shear-thinning behavior independently of the microgel 
fraction tested (ϕ), although the results did not show a clear variation tendency on the flow 
behavior index with the particle fraction (ϕ) (Fig. 4A). This result is in agreement with those 
previously reported by Ching et al (2016) which observed for emulsion filled alginate 
microgel suspensions a pseudoplastic behavior for all formulations independent of oil content 
and microgel concentration. Thus, this result suggests that the addition of particles in the 
studied range did not affect the flow behavior of juice. This knowledge is very important 
considering that flow behavior affects texture properties and mouth feel (Ching et al., 2016), 
fundamental for consumers acceptance. 
Concerning the consistency index, parameter directly related to the viscosity of 
the sample, in general it was observed an increase in this parameter when the microparticles 
were added to the juice (Fig. 4B), indicating a possible use as thickener for liquid foods. No 
large variations in the apparent viscosity was observed for the microgel without starch and 
coated (0.5%G/C), independently of the particle fraction. However, the opposite has been 









A correlation between the relative viscosity of suspensions and their solids 
volume fraction can be seen in Figure 5. In general there is a tendency to increase relative 
viscosity when the particle concentration is increased. The increase in the solids fraction 
promoted more interactions and aggregations among particles, resulting in higher values of 






















Figure 4: Rheological behavior of the suspensions: index behavior (A) and consistence index (B). The 


















higher microgel fraction (). For fewer particles in suspension, the viscosity is characterized 
by the continuous phase and the colloidal forces acting on the particles. On the other hand, for 
a great amount of microbeads, a higher degree of packing is found because particles are 
forced against each other, and the flow is characterized as a solid-like behavior (higher 
relative viscosity). 
Both the presence of the gellan coating and the addition of starch influenced the 
increase of the relative viscosity of the suspensions, with the coated microgels containing 
starch (0.5%G+0.5%S/C) showing a more pronounced effect on the viscosity of the 
suspension as compared to the other formulations. This result could be evidenced by the 
lower maximum packing fraction displayed for the first ones (Fig 5). Particles containing 
starch were softer (Chapter 3) than those without starch, probably because of the more porous 
structure (Yamamoto & Cunha, 2007). So they tend to deform easier altering its specific 
volume in response to the movement of fluid, impacting directly the relative viscosity 
(Shewan & Stokes, 2015). Besides, cracks and holes onto the surface of coated microgels 
added with starch could be noted (Fig. 3) that favored fluid absorption into the beads, 
resulting in higher increase on relative viscosity for these particles, which are prone to swell 
due to the network opening. The increase on relative viscosity for the samples coated with 
gellan may be associated to the opening of the pores of the outer portion of particles 
(Chapter 3) that could absorb more water and interact with the medium, swelling and 
increasing the ηrel. Considering that the medium usually fills the pores present in the gel 
structure, higher porosity could be associated to an increase on the extent of hydration (Babu 
et al., 2010). 
 
Figure 5: Relative viscosity at 100 s
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It was observed that the biggest microgel particles (Fig. 2) required lower amount 
of particles to achieve the maximum packing fraction and therefore, presented a more 
pronounced effect on the viscosity of the suspension, as showed by microgels made with 
starch and coated with gellan (0.5%G+0.5%S/C) (Fig. 5). Particles with larger sizes occupy 
larger volumes and present a lower bulk density. Thus, they cannot be packed so close, 
requiring a lower amount of microgel to achieve the ømax.  
In addition, it was possible to note that microgel formulated without starch and 
without coating (0.5%G/NC) presented ømax bigger than unity. This indicated that higher 
quantity of microgels could be added without affecting the food matrix, that is, particles 
become part of the continuous phase, stopping to behave like particles in suspension (Sato, 
2005). Moreover, it is important to consider that microgels contain a lot of water in their 
network (> 90%) (Le, Rioux & Turgeon, 2017) and thus they can be deformed and 
compressed at high phase volumes and under shear forces (Ching et al., 2016), resulting in a 
great concentration of particles (ømax > 1), as reviewed previously (Shewan & Stokes, 2013).  
4.3.5. In vitro digestibility 
 
In order to access the stability of microgels towards to gastrointestinal conditions, 
an in vitro simulation was carried out. The different stages were followed by analysis of the 
particle size distribution (Figure 6), anthocyanin release (Figure 7) and optical microscopy 
(Figure 8). It was not possible to quantify collagen peptides because the quantity was under 
the limit of identification by the micro-Kjeldhal method. However, the presence of HC was 





























































































































Figure 6: Particle size distribution for the different microgels along the digestion steps: Oral stage (M 2min), 






Figure 8: Optical microscopies along different stages from in vitro digestibility protocol. All the images were 
taken at a magnificicationof 40X. 
 
No evidence of starch (blue/black complex) was found in the oral phase for 
particles containing starch (Fig. 8) as exhibited before the digestion simulation (Fig. 3). 
Microgels with starch and coated (0.5%G+0.5%S/C) exhibited a more intact structure (Fig. 
8D), while the not coated ones (0.5%G+0.5%S/NC) presented a hole in their structure (Fig. 
8J), probably due to the degradation of a remaining granule from starch. They exhibited 
cracks and holes onto surfaces (Fig. 3), which probably favored the action of alfa-amylases in 
the oral phase. In addition, the data of anthocyanin release (Fig. 7) revealed that the starch 
promotes more release of anthocyanin from the structures during oral digestion, although the 
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coating has minimized these effects. These losses could be related to both the degradation of 
the starch into the microgels and the change on the microgel pH into the oral conditions (pH 
7.0). 
No disintegration was observed for the gastric step although hydrolyzed collagen 
was submitted to pepsin enzyme action. However, aggregation of particles and agglomeration 
of HC molecules could be noted, mainly for samples with starch (Fig. 8). Such information 
may be related to the particle size distribution for almost all samples (except 0.5%G/C) (Fig. 
6), which showed a small shift of the curves to the right, increasing the polydispersity and 
particles mean size. The better stability for all microgels in the gastric digestion if compared 
to the oral stage was also reflected in anthocyanin release that exhibited lower values (Fig. 7). 
Such result may be associated to an increase of the attractive interactions of HC-gellan in 
acidic medium, considering that they were produced in pH 2.5. Besides, it was found that the 
coating was more effective to prevent the release of anthocyanin from the microparticles in 
the gastric phase. In this way, it would be reasonable to consider that all formulations were 
quite resistant to the stomach condition and a great amount of anthocyanin followed to the 
intestinal phase, which is interesting because the biological activity of anthocyanin has been 
associated to the colon (Fernandes et al., 2014; McGhie & Walton, 2007). 
By observing the intestinal simulation, microparticles started to disintegrate after 
2h of intestinal simulation (Fig. 8), mainly those without the coating. These finding were 
confirmed by the size distribution data (Fig. 6), which exhibited a shift to the left for all 
formulations, indicating a decrease on particle size only after enteric digestion. Such 
disruption of the microbeads under enteric conditions are in agreement with previous report to 
gellan microgels (Vilela et al., 2015) that demonstrated particle disintegration only after 
enteric digestion for gellan-Ca and gellan-K microgels. The authors attributed this 
destabilization to the cation sequestration promoted by ionized bile acids. In addition, 
different release/degradation mechanisms could be associated to the different structures when 
they reached the intestine conditions. Images indicated that non-coated particles presented 
bulk erosion, which is characterized for the entry of solvent followed by destabilization of the 
matrix (Fig. 8I and Fig. 8L). On the other hand, the microgel coated and without starch 
(0.5%G/C) possibly exhibited a surface erosion mechanism, because of the reduced size 
found, occurring a gradual leaching of polymers and shrinkage of the matrix from the surface 





Developing an intestinal delivery system is important to protect anthocyanins, 
which exhibit a great role in prevention of some diseases as cancer (Wang & Stoner, 2008), 
cardiovascular diseases (Wallace, 2011), anti-inflammatory illness (Wang & Mazza, 2002), 
among others (Cavalcanti et al., 2011; Flores et al., 2016). Such effects however are 
pronounced mainly when anthocyanins reach the colon gut, where they are absorbed and 
fermented by the intestinal microbiota. After to be exposed to the microbial population, they 
are metabolized into sugar and phenolic compounds (i.e. acids and aldehydes), that 
contributes to the commented health effects (Fernandes et al., 2014; McGhie & Walton, 
2007). 
It was not possible to identify anthocyanin on the intestinal step by the proposed 
method, probably due to interferes existent in the medium. However, considering that few 
amount was lost during previous stages, the results indicated that anthocyanin resisted the 
gastric conditions, achieving the intestinal stage. 
Concerning to the collagen peptides, the optical microscopies (Fig. 8) revealed 
that some aggregates have been formed in the outer layer of microgels and peptides molecules 
have been lost from particles previously in the oral and gastric phases. Considering that its 
absorption occur in the intestine under the form of free amino acids and di- and tripeptides 
(Sibilla et al., 2015) this behavior would be interesting since a sustained release is achieved 
and peptide molecules can undergoes degradation by gastric and pancreatic proteases, 
increasing its bioavailabity when reach the wall gut. According to Daneault et al. (2017), 
collagen peptides, after ingestion in the intestine are able to cross the gut-barrier, achieving 
the blood to be distributed and available for metabolic reactions in the organism.   
Collagen peptides are known mainly by their anti-aging, antioxidative and 
antihypertensive activities and because they stimulate the growth of fibroblasts and the 
regeneration of collagen, they can improve the hydration and elasticity of skin (Feng & Betti, 
2017; Sibillia et al., 2012). In this way, the more exposed to the digestive enzymes, the better 




This study has provided important insights about the development and application 





peptide molecules. The modulation of properties by addition of gellan coating and starch was 
also evaluated and all the formulations were tested against in vitro gastro-intestinal conditions 
and the rheological behavior when added to a food matrix. Microstructure directly influenced 
the rheology of microgels suspensions. Both coating and starch addition promoted an increase 
on structure porosity that may have favored fluid absorption into the beads, resulting in higher 
increase on relative viscosity. It was also demonstrated that although the coating has 
decreased the amount of bioactive collagen peptides adsorbed onto particles surface, it 
presented an important role on preventing anthocyanin early release during gastrointestinal 
conditions. Microgels added with starch exhibited cracks and holes onto surfaces, which 
probably helped the action of alfa-amylases at the oral phase. No disintegration was observed 
for any formulation before intestinal step, however only microparticles coated (with or 
without starch) were found without disruption after 2h of enteric phase. Such behavior is 
interesting  because anthocyanin could be delivered until the colon, that presents a residence 
time around 24h-48h (Boland, 2016) and thus it could be completely metabolized by the flora, 
exhibiting its beneficial effect.  
Considering that the release of bioactives was different along the phases, a 
modulation of digestibility was achieved, once different structures presented different release 
and degrading profiles, desirable in a large range of applications.  
Regarding to the anthocyanin and hydrolyzed collagen delivery in human body 
and the health effects associated to their consumption, it is possible to conclude that this work 
has successfully designed biodegradable microgels to protect anthocyanin until the intestine to 
be metabolized and at the same time achieved the sustained release of peptides molecules 
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5.1. Discussão geral 
 
Inicialmente macrogéis eletrostáticos de goma gelana (G) e colágeno hidrolisado 
(CH) foram produzidos por meio de gotejamento. Apesar de terem sido encontrados na 
literatura estudos referentes a géis de proteína-polissacarídeo formados por interações 
eletrostáticas (LANEUVILLE et al., 2006; ZHANG & VARDHANABHUTI, 2014), em 
nenhum trabalho foi feito o gotejamento de uma das soluções para serem gelificadas 
externamente, sendo os géis formados apenas em condições “quase-estáticas”, com auxilio de 
GDL (glucona-delta-lactona).  
Dados do potencial zeta revelaram que a melhor condição para atração 
eletrostática entre os compostos foi em pH 2,5, condição na qual o CH apresentou potencial 
zeta positivo (+16.3 mV), enquanto a gelana foi negativa (-15 mV), ambos com densidade de 
cargas similar. 
 O efeito da concentração de gelana e colágeno hidrolisado na formação de 
partículas foram estudados. Segundo os resultados, 0,5% de gelana foi a concentração que 
apresentou maior adsorção de peptídeos do colágeno (~68%), produção de partículas 
menores, mais esféricas e com maior área superficial específica, embora tenha apresentado 
menor eficiência de encapsulação para antocianina (~84%). Os altos valores de peptídeos 
adsorvidos confirmaram as imagens feitas por microscopia confocal, onde foi possível 
visualizar a rápida difusão de moléculas do CH, além de interações entre peptídeos. Fatores 
como massa molecular, estrutura e cargas elétricas das espécies envolvidas provavelmente 
foram parâmetros decisivos para a difusão observada (COVIELLO et al., 2007).  
Já para o CH, foi observado que a concentração de 2,5% de peptídeo na solução 
gelificante foi suficiente para saturar os sítios ativos da gelana. Quantidades superiores não 
demonstraram maiores adsorções nem retenção de antocianina, além de não haver notáveis 
alterações nas características geométricas das partículas.  
Os resultados referentes à adição de amido de batata mostraram que apesar de as 
formulações terem obtido maior retenção de antocianina (EE), as estruturas adsorveram 
menos CH. O aumento no teor de antocianina obtido pode ser associado ao aumento da 
viscosidade da rede de gel promovido pela gelatinização do amido (Alcázar-Alay & Meireles, 
2015), ou mesmo a absorção da antocianina pelos grânulos de amido remanescentes. Isso 
decorre da estrutura não intacta formada, com aberturas e rachaduras na superfície, observada 





peptídeos indica que o amido possivelmente representou uma barreira física às interações 
eletrostáticas entre gelana e CH, já que apresenta potencial zeta próximo à neutralidade na 
condição avaliada (pH 2,5). Como consequência, a rede ficou menos densa e menos coesa, 
resultando em uma estrutura menos resistente à compressão (<W). Foi encontrada uma 
correlação negativa entre concentração de amido e propriedades mecânicas, visto que quanto 
maior a concentração de amido na estrutura, menor o trabalho de compressão.  
As análises de microscopia eletrônica de varredura (MEV), por sua vez, 
mostraram que partículas adicionadas de amido apresentaram elevada porosidade, com poros 
de maior diâmetro. Foi possível visualizar os grânulos remanescentes de amido presos dentro 
de uma rede contínua que contribuíram para o aumento do tamanho dos poros na estrutura 
biopolimérica. Estes resultados foram opostos aos encontrados para géis de alginato e amido 
(CHAN et al., 2011), quando observou-se que o amido atuou como agente de enchimento 
reduzindo a porosidade da rede. Os autores demonstraram que os grânulos de amido se 
posicionaram nos espaços intersticiais entre camadas concêntricas presentes na estrutura do 
gel, diferentemente do observado para a rede de gelana-CH no presente trabalho, onde o 
amido ficou retido no meio dos poros.  
Comparando a microestrutura obtida com os dados referentes à compressão 
uniaxial é possível inferir que o amido, ao elevar a porosidade da matriz e o tamanho de poros 
deixou a estrutura menos densa e mais desorganizada, resultando em uma estrutura menos 
resistente a compressão (<W). Azami e colaboradores (2010) encontraram que um aumento 
da porosidade levou a menor resistência à compressão (<σrup) de nanocompósitos de 
hidroxiapatita-gelatina. 
 O efeito da adição de recobrimento de gelana também foi estudado. Foi 
observado que adição do recobrimento, além de reduzir a adsorção de CH e promover a perda 
de antocianina, causou a formação de microestruturas heterogêneas, com maior porosidade na 
porção externa das partículas, como visto pelas imagens de MEV. Isso decorreu da atração de 
moléculas de CH já adsorvidas para interagir com a gelana do recobrimento, tal como 
demonstrado pelas análises de confocal. Foi ainda possível estimar a espessura da camada de 
gelana pelas imagens da microestrutura de partículas sem amido e recobertas, que ficou em 
torno de 130 μm, correspondendo a 2,6% do diâmetro total da partícula. 
O recobrimento produziu ainda partículas menores e com maior área superficial 
específica, apresentando menor resistência à compressão para partículas sem amido na 





propriedades mecânicas podem estar diretamente relacionadas às perdas de peptídeos durante 
a deposição eletrostática, visto que não houve diminuição da área superficial, e as partículas 
não ficaram mais resistentes quando sujeitas a compressão.  
Uma vez otimizadas as formulações, microgéis foram produzidos por atomização 
e também avaliados quanto aos efeitos de adição de amido e de recobrimento. Foram 
observadas altas eficiências de encapsulação para antocianina (>76%), embora a área 
superficial seja maior para micropartículas. Tanto o recobrimento de gelana como a adição de 
amido apresentaram redução na adsorção de colágeno hidrolisado, sendo as perdas mais 
pronunciadas para partículas sem amido. Como consequência, não foi possível observar 
aumento significativo no D3,2 para estas partículas, mesmo que uma camada de recobrimento 
tenha sido aderida aos microgéis.  
A presença do amido afetou ainda a polidispersidade das partículas, sejam elas 
revestidas ou não, e o tamanho médio dos microgéis recobertos. Os maiores valores 
encontrados para o D3,2, neste caso, puderam ser associados à presença de grânulos 
remanescentes nas estruturas, tal como evidenciado pela microscopia ótica. 
As imagens de microscopia ótica revelaram ainda partículas com formatos 
irregulares. Comparando com a gelificação iônica, em que as partículas obtidas são mais 
esféricas (VILELA et al., 2015), tal esfericidade reduzida já poderia ser esperada, uma vez 
que as moléculas de colágeno hidrolisado, pelo seu alto massa molecular, apresentam uma 
difusão mais lenta se comparado à adição de sais, comumente utilizados para gelificação 
iônica.  
Dados de MEV forneceram ainda informações mais precisas da morfologia 
externa das partículas. Neste sentido, foi demonstrado que o recobrimento com gelana 
resultou em uma estrutura externa escamosa, lisa e compacta, enquanto as demais (sem 
revestimento) exibiram uma estrutura enrugada. Desta forma, tem-se um importante 
indicativo de que o recobrimento foi bem sucedido com a camada de gelana aderida aos 
microgéis. Foi ainda demonstrado que o revestimento não está sempre associado ao aumento 
da rugosidade nas superfícies, tal como foi encontrado para partículas de alginato-pectina 
recobertas com proteínas globulares (TELLO et al ., 2015). 
Para avaliar a influência das micropartículas quando incorporadas a uma matriz 
alimentar, elas foram colocadas em suco de uva em diferentes concentrações, e as 
propriedades reológicas das suspensões foram avaliadas. Tanto a presença do revestimento de 





suspensões. Estes resultados podem ser correlacionados tanto aos dados de compressão, 
quanto a morfologia das estruturas formadas. Partículas que contêm amido foram mais 
porosas e menos resistentes a compressão do que aquelas sem o polímero, logo, elas devem 
sofrer maiores deformações, resultando em mais interações partícula-partícula, aumentando a 
viscosidade relativa das suspensões. Ainda, aberturas na superfície dos microgéis recobertos 
adicionados de amido podem indicar mais facilidade em absorver água dentro de suas 
estruturas, o que resultaria no aumento na viscosidade relativa para essas partículas. 
Analogamente, partículas sem amido, mas recobertas, por outro lado, aumentaram a 
viscosidade relativa das suspensões possivelmente devido à maior porosidade exibida na 
porção externa, tal como demonstrado pelas imagens da microestrutura. Esta porosidade deixa 
as partículas mais susceptíveis para absorver água e sofrer inchamento, interagindo facilmente 
com o meio. 
Todas as formulações mostraram um comportamento pseudoplástico para as 
frações de microgel testadas (ϕ) e, em geral, exibiram um índice de consistência maior do que 
o suco de uva, indicando uma possível utilização como espessante para alimentos líquidos. 
Estes resultados estão de acordo com prévias discussões na literatura (SHEWAN & STOKES, 
2013), que reportaram que suspensões feitas de partículas de microgel geralmente exibem um 
comportamento pseudoplástico e aumento de viscosidade a baixo teor de sólidos. 
Os microgéis foram ainda avaliados frente às condições gastrointestinais, quando 
submetidos à digestão simulada in vitro estática, de acordo com o protocolo desenvolvido por 
Minekus e colaboradores (2014). A estabilidade foi avaliada segundo a liberação de 
antocianina, distribuição de tamanho de partículas e microestrutura. Nenhuma evidência de 
amido (formação de complexo azulado/preto entre amilose-iodo) foi encontrada nas imagens 
de microscopia ótica durante a simulação oral. Ainda, microgéis adicionados de amido 
exibiram fissuras sobre a superfície, o que provavelmente ajudou a alfa-amilase a atuar desde 
a fase oral e liberar um maior conteudo de antocianinas neste estágio, tal como verificado. 
Todas as formulações de microgéis foram bastante estáveis às condições gástricas, com menor 
quantidade de antocianina sendo liberada nesta fase, quando comparado à fase oral. Isso pode 
ser atribuído a maior estabilidade das partículas em condições ácidas. Embora o colágeno 
hidrolisado tenha sido submetido à ação da enzima pepsina, não foi observada desintegração 
das micropartículas na fase gástrica. No entanto, a agregação de partículas e a aglomeração de 
moléculas de CH, principalmente para amostras contendo amido, foram observadas. Isto 





geral, um pequeno deslocamento das curvas para a direita, aumentando a polidispersidade e o 
tamanho médio das partículas.  
Finalmente, considerando que a absorção de peptídeos de colágeno ocorre no 
intestino sob a forma de aminoácidos livres e di e tripeptídeos (SIBILLA et al., 2015), a 
liberação durante todas as etapas seria interessante uma vez que as moléculas peptídicas 
podem sofrer degradação por proteases gástricas e pancreáticas, aumentando a sua 
biodisponibilidade quando atinge a parede do intestino.  
Nenhuma desintegração foi observada para qualquer formulação antes da 
simulação intestinal, no entanto, apenas as micropartículas revestidas de gelana (com ou sem 
amido) foram encontradas intactas após 2 h de fase entérica. Esse comportamento é 
interessante porque a antocianina pode ser entregue no cólon, que apresenta um tempo de 
residência maior (cerca de 24h-48h) (BOLAND, 2016) e, portanto, pode ser completamente 
metabolizada pela flora, exibindo efeitos benéficos à saúde. 
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6.1. Conclusão Geral 
 
O trabalho trouxe importantes contribuições para engenharia de partículas, 
principalmente sobre como macro e microestruturas são afetadas com adição de amido de 
batata e revestimento de goma gelana. Ainda, foi demonstrada a possibilidade de se veicular 
dois ativos na mesma estrutura, utilizando um deles como agente estruturante. 
A adição de amido, apesar de reter maior quantidade de antocianina, teve como 
consequência perdas consideráveis na adsorção de colágeno hidrolisado. Formaram-se 
estruturas mais porosas e com maior tamanho de poro, o que foi atribuído principalmente a 
presença de grânulos remanescentes na estrutura. Também, observaram-se estruturas menos 
resistentes a compressão; capazes de aumentar mais a viscosidade relativa de suspensões; e 
relativamente estáveis às condições gastrointestinais simuladas, quando recobertas.  
Por outro lado, a adição de recobrimento com gelana proporcionou além da 
redução da adsorção de peptídeos, menor retenção de antocianina. Houve formação de 
microestruturas heterogêneas, com maior porosidade na porção externa das partículas. Isso 
decorreu da migração de CH previamente adsorvido para fora das estruturas, tal como 
demonstrado pelas análises de confocal. Em geral, os resultados obtidos sugerem que 
propriedades como porosidade, resistência à compressão, além de características geométricas 
das partículas podem estar diretamente relacionada às perdas de peptídeos durante a 
deposição eletrostática. Com relação à resistência das partículas frente às condições 
gastrointestinais simuladas, foi possível inferir que o recobrimento melhorou a estabilidade 
dos microgéis, sendo encontradas partículas intactas após 2h da digestão simulada em 
condições entéricas. Esse comportamento é interessante porque a antocianina pode chegar até 
o cólon, que apresenta um tempo prolongado de residência e, portanto, pode ser 
completamente metabolizada pela flora, exibindo os efeitos na saúde. Por outro lado, a 
liberação sustentada de colágeno hidrolisado ao longo das etapas foi interessante, uma vez 
que as moléculas do peptídeo podem sofrer degradação por proteases gástricas e pancreáticas, 
aumentando a sua biodisponibilidade quando atinge a parede do intestino. 
Considerando que a liberação de bioativos foi diferente ao longo das fases, uma 
modulação de digestibilidade foi alcançada, para os sistemas desenvolvidos. Diferentes 
estruturas apresentaram diferentes perfis de liberação e degradação, desejáveis em uma ampla 







6.2. Perspectivas Científicas  
 
Como perspectivas para trabalhos futuros, sugere-se a realização de experimentos 
de digestibilidade in vivo, a fim de extrair informações sobre a biodisponibilidade das 
antocianinas, após a passagem pelo trato gastrointestinal. 
Além disso, a avaliação sensorial do suco de uva e/ou outros produtos 
alimentícios adicionados de micropartículas também pode ser interessante, visto que se torna 
possível a formulação de novos produtos, além de estabelecer-se uma correlação entre 
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